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The  history  of  Chemistry  as  an  exact  science  may  be  Baid  to 
date  from  Lavoisier,  who  tirst  used  the  balance  in  investigating 
chemical  phenomena,  and  the  progress  of  tbo  science  since  liis 
time  has  been  owing,  in  great  measure,  to  the  improvements 
which  have  been  made  in  tlic  processes  of  weigliing  and  measur- 
ing email  quantities  of  matter.  Those  processes  are  now  the 
chief  instruments  in  the  hands  of  the  chemical  hirestigator,  and 
it  is  evidently  essential  that  he  should  be  familiar  with  the  causes 
of  error  to  which  they  aro  liable,  and  should  be  able  to  deter- 
mine the  degree  of  accuracy  of  which  they  are  capable.  All  this, 
however,  requires  a  theoretical  knowledge  of  the  principles  which 
the  processes  involve;  and  the  chemical  investigator  who,  without 
it,  relies  on  mere  empirical  rules,  will  be  exposed  to  constant 
error. 

This  volume  is  intended  to  famish  a  full  development  of 
these  principles,  and  it  is  hoped  that  it  will  serve  to  advance 
the  study  of  cliemistry  in  the  colleges  of  this  country.  In  order 
to  adapt  the  work  to  the  purposes  of  instruction,  it  has  been  pro- 
pared  on  a  strictly  inductive  method  throughout;  and  any  stu- 
dent who  has  acquired  an  elementary  knowledge  of  mathematics 
will  he  able  to  follow  the  course  of  reasoning  without  difficulty. 
So  much  of  tlio  subject-matter  of  mechanics  has  been  given  at 
the  bepnaing  of  the  volume  as  was  necessary  to  secure  thia 
object ;  and  for  the  same  reason,  each  chapter  is  followed  by  a 
large  number  of  problems,  which  are  calculated,  not  only  to  test 
the  knowledge  of  the  student,  but  also  to  extend  and  apply 
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the  principles  discussed  in  the  work.  Regarding  a  knowledge 
of  methods  and  principles  as  the  primary  object  in  a  course  of 
scientific  instruction,  the  author  has  developed  several  of  the 
subjects  to  a  much  greater  extent  than  is  usual  in  elementary 
works,  solely  for  the  purpose  of  illustrating  the  processes  and  the 
logic  of  physical  research.  Thus,  the  means  of  measuring  tem- 
perature and  the  defects  of  the  mercurial  thermometer  have  been 
described  at  length,  in  order  to  show  how  rapidly  the  difficulties 
multiply  when  we  attempt  to  push  scientific  observations  beyond 
a  limited  degree  of  accuracy ;  so  also  the  history  of  Mariotte's 
law  has  been  given  in  detail,  for  the  purpose  of  illustrating  the 
nature  of  a  physical  law,  and  the  limitations  to  which  all  laws 
are  more  or  less  liable  ;  the  condition  of  salts  when  in  solution, 
and  the  nature  of  supersaturated  solutions,  have  in  like  manner 
been  fully  discussed  as  examples  of  scientific  theories;  and,  lastly, 
the  method  of  representing  physical  phenomena  by  empirical  for- 
mulas and  curves,  which  are  the  preliminary  substitutes  for  laws, 
has  been  illustrated  in  connection  with  Begnault's  experiments 
on  the  tension  of  aqueous  vapor. 

Although,  for  the  reason  just  given,  it  has  not  been  the  aim  of 
the  author  to  make  a  mere  digest  of  facts,  care  has  been  taken 
to  include  the  latest  results  of  science,  and  where  it  was  impos- 
sible to  enter  into  details,  references  are  given  to  the  original 
memoirs.  The  author  would  earnestly  recommend  the  advanced 
student  to  extend  his  study  to  these  memoirs,  and  not  to  spend 
much  time  in  reading  text-books.  All  compendiums  are  unavoid- 
ably incomplete.  They  can  only  give  general  results,  which  are 
necessarily  stated  in  definite  terms,  and  are  apt  to  convey  a  false 
notion  of  the  true  character  of  the  phenomena  and  laws  of  nature. 
A  student  who  desires  to  train  his  powers  of  observation  cannot 
expend  labor  more  profitably  than  in  looking  up  fully  in  a  large 
library  one  or  more  of  the  subjects  mentioned  above,  and  reading 
all  the  original  memoirs  that  have  been  written  upon  it.  It  is 
only  in  this  way  that  he  can  learn  what  scientific  investigation  has 
really  done,  as  well  as  what  can  be  expected  from  it,  and  can  thus 
prepare  himself  to  work  with  advantage  in  extending  the  bounda- 
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ries  of  knowledge.    Moreover,  that  peculiar  scientific  power  winch 
is  so  essential  to  the  Euccessful  interpretation  o(  natural  phenom- 
ena can  be  acquired  only  at  lliese  fountain-heads  of  knowledge, 
b  In  preparing  the  work,  tlio  author  has  used  freely  all  the  mar 
Hnnals  at  his  command.     Most  of  the  woodcuts  in  the  book  have 
been  traas/erred  from  the  pages  of  different  standard  works,  but 
especially  from  the  TraUS  de  Physique  of  Ganot.     The   excel- 
lent work  of  BulT,  Kopp,  and  Zamminor  has  been  repeatedly 
lasultod,  as  well  as  those  of  Miller,  of  Graham,  of  Dugiiiu,  of 
nin,  of  Miillcr,  of  Bunsen,  of  Dana,  and  of  Silliman,  and  all 
"■that   is   suitable   for   the   illustration   of  his   subject   has  been 
borrowed  from  them.*     Whenever  it  was  possible,  the  original 
memoirs  were   consulted,  especially  those  of  Rcgiiault  in   tho 
twenty-first  volume  of  the  MSmoires  de  V  Academic  des  Scien- 
cet.     Indeed,  this  distinguished  experimentalist  has  so  greatly 
improved  the   methods  of  investigation   in   this   department  of 
Physics,  that  any  test-hook  on  the  subject  must  necessarily  be 
in  groat  measure  an  abstract  of  his  labors. 
^L  A  largo   number  of  valuable   tables  are  included  in  an  Ap- 
^Hundix    at  the   end   of    the   volume.      I^everal    of   these    have 
^Bncn    re-calculatcd  ;   but  the  rest   are  selected  with  earo   from 
^BtBndard  authors.     The  authority  for  each  table,  and  tho  p^e 
Hqb  which  tho  method  of  using  it  is  described,  are  given  at  the 
oommpacemeut  of  the  Appendix.      A  list  of  numerous  other 
tables  distributed  through  the  body  of  the  work  will  be  found, 
under  the  word  "  Tables,"   in   the   Index.     The   author  is  in- 
debted   to   Captain    Charles    Hcmy   Davis,    Superintendent   of 
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the  Nautical  Almanac,  for  the  use  of  a  table  of  logarithms  of 
natural  numbers  to  four  places  of  decimals,  which  will  be 
found  suflScient  for  solving  most  of  the  problems  in  this  book. 
The  greater  number  of  the  problems  were  prepared  by  the 
author  ;  the  rest  have  been  selected  from  various  works,  but 
especially  from  Kahl's  Aujg'aben  aus  der  Physik^  and  from  the 
Appendix  to  Ganot's  TraiiS  de  Physique.  Solutions  of  these 
problems  will  be  published  hereafter,  though  for  an  obvious 
reason  they  are  not  included  in  this  volume.  For  the  purpose 
of  ready  reference,  the  sections  and  equations  have  been  num- 
bered ;  the  numbers  of  sections  are  given  in  parentheses,  those 
of  equations  in  brackets ;  and  in  order  still  further  to  fSsu^ilitate 
reference,  a  list  of  the  formula  is  included  in  the  Index. 

Great  pains  have  been  taken  in  the  printing  of  the  book  to 
iavoid  errors,  and  the  author  is  under  especial  obligation  to 
his  friend.  Professor  Henry  W.  Torrey,  for  a  careful  revision 
of  the  proof-sheets.  The  diflSculties  of  securing  perfect  accu- 
racy in  printing  formul®  and  tables  are  almost  insurmountable, 
and  many  misprints  have  tmdoubtedly  occurred.  Such  as  may 
be  discovered  will  be  corrected  in  the  next  edition  ;  and  the 
author  will  feel  tmder  obligations  to  any  of  his  readers  who  will 
have  the  kindness  to  send  him  a  note  of  such  as  they  find. 

Although  the  present  volume  is  a  complete  treatise  in  itself 
of  the  principles  involved  in  the  processes  of  weighing  and  meas- 
uring, it  is  also  intended  to  serve  as  the  first  volume  of  an 
extended  work  on  the  Philosophy  of  Chemistry.  The  arrange- 
ment of  the  chapters  and  sections  has  been  adopted  with  this 
view,  and  the  inductive  method  begun  in  this  volume  will  be  con- 
tinued tlirough  the  whole  work.  The  second  volume  will  treat 
of  Light  in  its  relations  to  Crystallography  (including  Mathemat- 
ical Crystallography),  and  also  of  Electricity  in  its  relations  to 
Chemistry.  The  third  and  last  volume  will  be  on  Stoichiometry 
and  the  principles  of  Chemical  Classification.  This  volume  is 
now  in  preparation,  and  will  be  published  next. 

J-  P.  0. 

Cambridge,  Fefamary  1,  1860. 
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CHEMICAL   PHYSICS. 


CHAPTER    I. 

INTRODUCTION, 


(1.)  Matter y  Bod^^  Substance. — That  of  which  the  uuiverse 
coDsist8,  wliich  occupies  space,  and  which  is  the  object  of  our 
senses,  b  iiamed  mailer.  Any  limited  portion  of  matter,  wliether 
it  be  a  grain  of  sand  or  the  terrestrial  globe,  is  called  a  bodj^ ; 
and  the  different  kinds  of  matter,  such  as  iron,  water,  or  air,  are 
termed  stibslances.  The  number  of  distinct  substances  already 
described  is  exceedingly  large ;  but  they  are  all  formed  by  the 
combination  of  a  few  simple  substances,  called  Elements j  or  else 
consist  of  one  element  alone.  The  tendency  of  science  for  the 
last  fifty  years  has  been  to  increase  the  number  of  the  elements  ; 
at  present  sixty-two  are  admitted.  But  those  recently  discovered 
exist  only  in  minute  quantities  on  the  surface  of  the  globe,  and 
appear  tp  play  a  very  subordinate  part  in  the  economy  of  na- 
ture. In  regard  to  the  essential  nature  of  matter,  or  of  the 
elements  of  which  it  consists,  we  have  no  knowledge ;  but  we 
have  observed  the  properties  of  almost  all  known  substances, 
as  well  elements  as  compounds,  have  studied  their  mutual  rela- 
tions and  their  action  on  each  other,  and  have  discovered  many 
of  the  laws  which  tliey  obey. 

(2.)  General  and  Specific  Properties.  —  If  we  study  the 
properties  of  iron,  we  shall  find  that  they  may  be  divided  into 
two  classes; — one  class,  which  iron  possesses  in  common  with 
all  substances ;  the  other,  wliich  are  peculiar  to  iron,  and  dis- 
tinguish it  from  other  kinds  of  matter.  A  mass  of  iron  occupies 
space,  —  or,  in  the  language  of  geometry,  possesses  extension ; 
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it  gravitates  towards  the  earth,  that  is,  it  has  weight.  But  ev- 
erj  other  substance  as  well  as  iron,  gases  and  liquids  as  well  as 
solids,  possess  both  extension  and  weight.  Such  properties  as 
these,  which  are  common  to  all  kinds  of  matter,  are  called 
General  Properties.  Besides  these  general  properties,  iron  is 
endowed  with  other  qualities,  which  are  peculiar  to  itself.  Thus 
iron  not  only  possesses  extension,  but  it  has  a  peculiar  crystal- 
line form.  It  not  only  possesses  Weight,  but  every  piece  of  iron 
weighs  7.8  times  as  much  as  the  same  bulk  of  water.  It  has 
also  a  certain  hardness  and  a  familiar  lustre.  Properties  like 
the  last,  which  are  peculiar  to  a  given  substance,  and  serve  to 
distinguish  it  from  other  kinds  of  matter,  are  called  Specific 
Properties. 

(3.)  Physical  and  Chemical  Changes. — If,  next,  we  study  the 
various  changes  to  which  all  substances  are  liable,  we  shall  find 
that  they  also  may  be  divided  into  two  classes;  —  first,  those 
changes  by  which  the  specific  properties  are  not  altered;  and,  sec- 
ondly, those  by  which  the  specific  properties  are  essentially  modi- 
fied, and  the  identity  of  the  substance  lost.  Thus  a  mass  of  copper 
may  be  transported  to  a  distant  part  of  the  globe,  it  may  be  di- 
vided into  exceedingly  small  particles,  it  may  be  melted  and  cast 
into  nails,  it  may  be  coined ;  but  yet,  although  the  position,  the 
size,  or  the  external  shape  is  thus  entirely  changed,  those  quali- 
ties which  distinguish  copper,  which  make  it  to  be  copper,  are 
not  altered.  Water  may  be  frozen  by  cold  or  converted  into 
steam  by  heat,  yet  the  water  is  not  destroyed  ;  for  if  the  ice  be 
melted,  or  the  steam  condensed,  fluid  water  reappears,  with  all 
its  characteristic  properties.  A  bar  of  iron,  when  in  contact 
with  a  magnet,  becomes  itself  magnetic,  and  acquires  the  power 
of  attracting  small  particles  of  iron.  So  also  a  stick  of  sealing- 
wax,  if  rubbed  with  a  silk  handkerchief,  becomes  electrified,  and 
endowed  with  the  power  of  attracting  light  pieces  of  paper ;  but 
the  peculiar  properties  of  iron  and  sealing-wax  are  not  essentially 
modified  by  these  changes.  Such  changes,  which  do  not  destroy 
the  identity  of  substance,  are  called  Physical  Changes. 

On  the  other  hand,  if  copper  filings  are  heated  for  some  time 
in  contact  with  the  air,  they  fall  into  a  black  powder  (oxide  of 
copper)  ;  if  heated  with  sulphuric  acid,  they  are  converted  into 
a  blue  crystalline  solid  (sulphate  of  copper)  ;  and  in  either  case 
the  properties  of  copper  entirely  disappear.    If  steam  is  passed 
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r  metallic  iron  lieatcd  to  a.  red  lieat,  it  yields  a  combustible 

s  (hydrogen).    If  an  iron  bar  is  exposed  to  moist  air,  it  slowly 

mh\v»  to  a  red  powder  (iron-rusf) .     If  sealing-was  is  heated 

t  a  red  ttcat,  it  burns,  and  is  apparently  annihilated  ;  but,  as  we 

all  hereafter  see,  it  olianges  by  burning  into  invisible  gases 

"(taper  of  wat^r  and  carbonic   acid).     Changes  like  these,  by 

wliich  tlio  distin^ishing  properties  of  a  substance  are  altered, 

ud  t])()  Rabstaiieo  itself  converted  hito  a.  different  substance,  are 

iU«d  Chemical  Changes, 

'  (^4.>  Pht/sical  ami  Chemkat  Properties.  —  Corresponding  to 
:  two  classes  of  changes  above  described  are  two  classes  of 
roperties,  into  wliich  wo  may  divide  the  specific  properties  of  a 
^bstance.  Those  properties  wliicli  a  substance  may  maoifest 
ritliuut  undei^oing  any  essential  change  itself,  or  causing  any 
isciUiat  changes  la  other  substances,  are  generally  called  Flips- 
I  Properties.  On  the  other  liand,  those  proiierties  whiuh  "  re- 
tntiully  to  its  action  on  other  substances,  and  to  tho 
lancnt  changes  which  it  either  experiences  in  itself,  or  which 
't  cffecU  upon  tbeni,"  *  are  called  Chemical  Properties.  Thus, 
mong  llio  physical  properties  of  iron  we  should  inchido  its  great 
inacityand  malleability,  its  sjiGoific  gravity,  its  peculiar  lustre, 
t  great  infusilnlily,  tlie  fo^iility  with  which  it  may  be  forged  at 
I  high  temperature,  its  power  of  transmitting  electricity  and  of 
ning  magnetic  polarity.  Among  its  chemical  properties,  on 
e  olhar  band,  we  should  enumerate  the  ease  with  whicli  it  nieta 
t  tbo  air,  tho  readiness  with  which  it  dissolves  in  diluto  acids, 
t  oonibitvtibillly  in  oxygen  gas,  and  many  others.  This  last 
I  -da»  uf  properties  evidently  cannot  ho  manifested  by  iron  with- 
;  iU  losing  its  essential  properties  and  ceasing  to  be  iron. 
I.  first  class,  ou  Die  other  hand,  do  not  involvo  any  such  radi- 


f  (5.)  Chemistrgand  Physict.  —  It  is  the  province  of  Chemistry 
t  observe  the  chemical  properties  of  substances,  and  to  study  the 
ismiiral  changes  to  wliich  they  are  liable.  Physics,  on  the 
Iher  hand,  deals  with  tlie  physical  properties  and  the  physical 
drnnp-^  of  matter.  The  study  of  Chemistry  involves  the  discus- 
ion  of  Bt  least  throo  questions  in  regard  to  each  substance.  The 
'lemist  asks,  in  the  first  place,  What  are  the  specific  properties 
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of  the  substance  ?  in  the  second  place,  What  are  the  chemical 
changes  to  which  it  is  liable^  or  which  it  is  capable  of  producing 
in  other  substances  ?  and,  in  the  third  place.  What  are  the 
causes  of  these  changes^  and  according  to  what  laws  do  they 
take  place  ?  An  answer  to  the  first  of  tliese  questions  must  ob- 
viously be  obtained  before  the  chemist  can  approach  thd  other 
two,  and  indeed  the  whole  of  Chemistry  is  based  upon  the  accu- 
rate observation  of  the  specific  or  distinguishing  properties  of 
substances.  These  properties,  as  we  have  seen,  are  physical  as 
well  as  chemical,  and  when  the  substances  can  only  be  observed 
in  a  state  of  chemical  rest,  the  chemist  is  obliged  to  depend  on 
the  physical  characteristics  alone  in  distinguishing  between  them; 
and  under  all  circumstances  he  relies  upon  these  characters  to  a 
greater  or  less  degree.  Hence  the  study  of  Chemistry  necessa- 
rily implies  some  acquaintance  with  Physics,  and  a  tliorough 
knowledge  of  Physics  will  always  be  found  useful  to  the  investi- 
gator of  chemical  phenomena.  There  are,  however,  some  portions 
of  the  subject  which  are  more  closely  connected  with  Chemistry 
than  the  rest,  and  which,  therefore,  it  is  particularly  convenient 
to  study  in  connection  with  this  science.  This  portion  of  Phys- 
ics, which  is  frequently  called  Chemical  Physics,  is  tiie  subject  of 
Part  I.  of  this  work.  Chemical  Physics  is  entirely  an  arbitrary 
division  of  the  science,  including  a  variety  of  subjects  which  are 
only  grouped  together  because  they  are  closely  connected  with 
Chemistry  in  its  present  condition.  It  treats  more  especially  of 
those  physical  properties  of  matter  which  are  used  by  chemists 
in  defining  and  distinguishing  substances,  and  which,  therefore, 
it  is  exceedingly  imp(»*tant  for  the  student  of  Chemistry  thor- 
oughly to  understand.  It  treats  also  of  the  action  of  heat  on 
matter,  and  of  the  various  methods  by  which  the  weight  and 
volumes  of  bodies,  whether  solids,  liquids,  or  gases,  are  accu- 
rately measured. 

(6.)  Force  and  Law.  —  The  axiom,  that  every  change  must 
have  an  adequate  cause,  leads  us  to  refer  all  the  phenomena  of 
nature  to  what  we  term  forces ;  thus,  we  refer  the  falling  of 
bodies  towards  the  earth  to  the  force  of  gravitation,  tlie  motion 
of  a  steam-engine  to  the  expansive  force  of  heat,  and  the  burn- 
ing of  a  candle  to  the  force  of  chemical  affinity.  The  only  clear 
conception  of  the  origin  or  nature  of  force  to  which  man  can 
attain,  is  derived  from  studying  those  limited  phenomena  of 
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matter  which  oan  bo  traced  back  to  Iiuman  agency.  These  phe- 
nomena, as  wc  are  conscious,  result  from  tlie  mysterious  action 
of  mind  on  matter ;  and  we  are  thus  led  to  infer  that  the  grund 
phenomena  of  nature  result  in  like  manner  from  the  action  of 
the  Infinite  Mind  on  matter.  In  tliis  view,  forco  is  only  another 
name  for  the  volition  either  of  man  or  of  God,  and  the  varied 
phenomena  of  nature  are  only  the  manifestations  of  His  all- 
pervading  will, 

A  careful  study  of  material  phenomena  frequently  leads  us 
to  the  discovery  of  unexpected  analogieB  between  those  which 
seemed  at  first  sight  entirely  disconnected.  No  two  phenomena 
arc  apparently  less  related  than  the  motion  of  our  planet  through 
Bpace  and  the  falling  of  a  stone  to  its  surface ;  and  yet  it  has 
Iwen  discovered  that  all  the  phases  of  both  phenomena  can  be  per- 
fectly explained,  by  assuming  that  every  partide  of  matter  in  the 
Universe  attracts  every  other  particle  with  a  force  varjiiig  directly 
■8  the  mass  and  inversely  as  the  s(juare  of  tlic  distance.  80  also 
tiie  ripples  on  the  surface  of  a  still  lake  have  no  apjuircnt  resem- 
blance to  the  rays  of  light  which  play  upon  tJicra  ;  but  neverthe- 
less it  has  been  found  that  all  the  phenomena  of  light  can  be 
ftilly  explained,  by  the  ass\miption  that  they  are  caused  by  a  sim- 
ilar undulatory  motion  in  an  ethereal  medium.  Sucli  gencraliza- 
tiona  as  tliese,  by  which  the  plienomena  of  nature  are  linked 
together  and  in  a  measure  explained,  arc  called  laws.  A  law  is 
tlie  mode  of  action  of  some  assumed  force  ;  thus,  tlie  law  of  gravi- 
tation is  the  mode  of  action  of  the  force  of  gravitation,  and  the  law 
of  undulations  is  the  mode  of  action  of  the  force  which  produces 
light.  But  if  force  is,  as  above  considered,  a  direct  emanation  of 
Divine  Power,  then  law  must  bo  regarded  as  the  uniform  and 
anchanging  mode  of  action  of  the  Divine  Mind.  It  must  be  no- 
ticed, however,  that  what  we  call  a  natural  law  is  merely  oar 
humaji  expression  of  the  Divine  mode  of  action  in  the  univerae, 
and  that  this  is  accurate  in  proportion  to  the  extent  and  clear- 
ness of  our  knowledge  of  the  phenomena  and  of  their  relations. 
The  great  differences  which  exist  in  this  respect  are  implied  in 
the  very  language  of  science.  The  words  hy])othesii,  theory, 
and  /ow  stand  for  the  same  thing,  that  is,  our  conception  of  the 
mode  in  which  God  acts  in  nature,  and  we  nse  the  one  or  the 
other  according  to  our  own  conviction  of  the  accuracy  of  oar 
OOQception.     If  we  suppose  Uiat  it  is  merely  possibly  correct,  or 
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only  ill  part  true,  we  call  it  an  hypothesis  or  a  theory;  but 
if  we  are  fully  conyinced  of  its  truth,  we  say  that  it  is  a  law  of 
nature.  . 

One  criterion  by  which  we  judge  of  the  correctness  of  our 
ideas  of  the  Divine  mode  of  action  in  the  material  universe,  and 
by  which  we  determine  whether  a  proposed  explanation  of  mate- 
rial phenomena  should  be  regarded  as  an  hypothesis,  a  theory,  or 
a  law  of  nature,  is  the  completeness  with  which  it  explains  the 
class  of  phenomena  in  question.  A  law  of  nature  must  not  only 
cover  all  known  phenomena  of  the  class,  but  must  also  include  all 
those  which  may  hereafter  be  discovered,  and  even  predict  tlieir 
existence  before  they  are  actually  observed.  This  has  been  the 
case  with  the  laws  of  nature  already  discovered,  and  with  none 
more  remarkably  than  with  the  law  of  gravitation,  which  may  be 
regarded  as  the  most  perfect  of  all.  This  law  was  first  advanced 
by  Newton  to  explain  the  phenomena  of  planetary  motion  then 
known,  by  connecting  them  with  those  of  falling  bodies  on  the 
surface  of  the  earth.  As  Astronomy  advanced,  this  law  was  not 
only  found  able  to  explain  all  the  complicated  perturbations  of 
lunar  and  planetary  motions  as  they  were  successively  discovered, 
but  it  even  went  before  the  observer,  and  enabled  the  astronomer 
to  calculate  with  absolute  exactness  the  extent  and  the  periods  of 
these  irregularities  of  motion,  although  it  will  require  centuries 
on  centuries  to  verify  his  results.  The  same  is  also  true  of  the  not 
less  remarkable  law  of  undulations  advanced  by  Huyghens  to  ex- 
plain the  comparatively  few  facts  of  optics  known  in  his  time.  As 
these  facts  have  been  rapidly  multiplied  by  the  wonderful  discov- 
eries of  Mains  and  of  Young,  the  law  has  not  only  been  found 
fidly  adequate  to  explain  all,  but  it  has  also  predicted  the  existence 
of  phenomena,  which,  like  that  of  conical  refraction,  woidd  hardly 
have  been  noticed  had  they  not  been  thus  pointed  out.  To  hy- 
potheses and  theories  we  do  not  look  for  the  same  full  explana- 
tion of  all  the  facts  which  we  require  of  a  law.  They  are  re- 
garded as  merely  provisional  expedients  in  science  until  the  law 
shall  be  discovered,  as  guesses  at  truth  before  the  truth  is  known. 
Laws  have  been  said  to  be  the  thoughts  of  God  manifested  in 
nature  and  expressed  in  human  language.  Hjrpotheses,  then, 
are  our  first  imperfect  comprehensions  of  these  thoughts.  They 
are  also  the  shadowing  forth  of  laws,  and  the  progress  of  science 
has  always  been  from  the  dim  glinunerings  of  truth  in  the 
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hjfpothesis  and  the  theory,  to  the  full  light  of  knowledge  in  the 
law. 

Another  criterion  of  the  validity  of  a  law,  no  less  important 
than  the  one  we  have  considered,  is  to  be  found  in  the  analogies 
of  nature.  The  force  of  analogy  is  the  great  directing  principle 
in  the  mind  of  the  successful  student.  It  is  this  which  leads 
him  to  pronounce  some  theories  unsound,  altliough  apparently 
sustained  by  facts,  and  to  accept  others,  which,  although  not  fully 
verified  by  experiment,  are  yet  in  harmony  with  the  general  plan 
and  order  of  creation,  and  witii  those  coiivictious  of  the  truth 
which  arc  based  on  an  enlarged  knowledge  and  au  extended  ob- 
servation of  natural  phenomena. 

In  thus  defining  law  as  the  thoughts  of  God  manifested  in  na- 
ture, and  force  as  the  constant  action  of  his  infinite  will,  we  must 
be  careful  to  remember  that  this  is  a  conclusion  of  metaphysical 
rather  than  of  physical  science.  The  demonstrations  of  physical 
science  unquestionably  point  to  the  same  result ;  but  it  is  the 
goal  towards  which  they  tend,  rather  than  one  which  they  have 
attained.  In  the  present  condition  of  science,  we  aro  obliged  to 
use  language  which  implies  the  existence  of  separate  and  dis- 
tinct forces  ;  but  this  is  unimportant  so  long  as  we  keej)  the  truth 
in  view,  and  do  not  allow  ourselves  to  be  led  into  materialism  by 
the  unavoidable  imperfectioas  of  scientific  language. 


CHAPTER    II. 

GENERAL  PROPERTIES  OF  HATTER. 

(7.)  Essential  and  Accidentai  Properties.  —  Of  the  general 
properties  of  matter,  I  shall  consider  in  this  chapter  the  follow- 
ing, which  are  common  to  all  bodies,  solids,  fluids,  and  gases, 
and  which  it  is  important  for  us  to  study  early  in  our  course :  — 

Essential  Properties.         ^  Accidental  Properties, 

1.  Extension,  implying,        4.  Weight. 

a.  Volume.  6.  Divisibility. 

b.  Density.  6.  Porosity. 

2.  Impenetrability.  7.  Compressibility  and  Expansibility. 
8.  Mobility.  8.  Elasticity. 

The  first  three  of  these  properties  are  evidently  more  essential 
than  the  rest.  We  cannot  conceive  of  a  kind  of  matter  which 
would  be  destitute  of  them.  Attempt  to  conceive  of  a  variety 
of  matter  which  would  not  occupy  space,  which  would  not  resist 
an  effort  to  condense  it  into  a  smaller  volume,  or  which  would  be 
incapable  of  motion,  and  it  will  be  seen  at  once  that  these  prop- 
erties form  an  essential  part  of  the  very  idea  of  matter.  The 
last  five  are  as  universal  properties  of  matter  as  the  first  three  ; 
but  they  do  not  seem  to  our  minds  to  be  so  essential,  for  we  can 
conceive  of  matter  which  would  not  possess  them.  It  is  not 
difficult  to  conceive  of  matter  without  weight,  so  hard  as  to  be 
indivisible,  at  least  in  a  physical  sense,  without  pores,  incom- 
pressible, and  therefore  unelastic.  Indeed,  some  physicists  refer 
the  phenomena  of  light  and  heat  to  an  imponderable  variety  of 
matter,  and  the  Atomic  Theory  supposes  that  the  assumed  atoms 
are  indivisible,  incompressible,  and  without  pores. 

(8.)  Extension  and  Volume.  —  When  we  say  that  matter  has 
extension^  we  merely  mean  that  it  occupies  space,  and  the  amount 
of  space  which  a  given  body  occupies  we  call  its  volume.  We 
may  study  extension  without  any  reference  to  the  matter  of 


GENE&AL   PRDFERTIKS    OV    MATTER. 


11 


Rs  a,  property,  and  we  shall  thus  arrive  at  ihe  principles 
trif.  —  This  science  distiiigiiislies  three  degrees  of  ex- 
teusiou :  the  solid,  or  extension  in  three  dimensions ;  the  surface, 
or  extension  in  two  dimensions ;  and  the  line,  or  extension  la 
one  dimension.     Only  the  first  of  these,  however,  can  bo  said  to 

»bc  represented  in  matter,  for  a  surface  is  only  the  boundary  of  a 
Bolid,  and  a  line  the  boundary  of  a  surface. 
(9.)  T/ie  Measure  of  KUension. —  In  order  to  measure  the 
Volume  of  a  solid,  the  Area  of  a.  surface,  or  the  Length  of  a  lino, 
tre  adopt  some  arbitrary  unit  of  extension  of  the  same  order,  and 
by  the  principles  of  Geometry  compare  all  other  extensions  with 
it.  The  unit  of  length  is  the  only  one  which  must  be  arbitrary, 
because  we  can  use  a  square  of  this  unit  in  meHBuring  surfaces, 
and  a  cube  of  this  unit  in  measuring  solids.  VariouH  units  both 
of  length  and  of  volume  have  been  adopted  in  different  countrieB. 
Of  the  numerous  systems  of  measure  there  are  two  which  it  is 
important  for  us  to  study. 


I 


ENGLISH    SYSTEM    OP    MEASURES. 

(10.)  Chits  of  LeTtfftk.  —  The  unit  of  length  which  has  been 
tdopt«d  in  this  country  is  the  same  as  that  of  England.  It  is 
called  a  yard,  and  is  said  to  have  been  introduced  by  King  Henry 
the  First,  "who  ordered  that  the  ulna  or  ancient  ell,  which 
corresponds  to  the  modern  yard,  should  be  made  of  the  exact 
length  of  his  own  arm,  and  that  the  other  measures  of  length 
should  be  based  upon  it.  This  standard  has  been  maintained 
without  any  sensible  variation,  and  is  the  identical  yard  now  used 
in  the  United  States,  and  is  declared  by  an  act  of  Parliament, 
passed  in  June,  1824,  to  be  the  standard  of  linear  measure  in 
Great  Britain.""     The  clause  in  the  act  is  as  follows  :  — 

"  Prom  and  after  the  first  day  of  May,  1825,  [subsequently 
extended  to  the  first  of  January,  1826,]  the  straight  line,  or  the 
distance  between  the  centres  of  the  two  points  in  the  gold  studs 
in  tlie  straight  brass  rod  now  in  the  custody  of  the  clerk  of  the 
House  of  Commons,  whereon  the  words  and  figures  '  Standard 
Yard,  1760,'  are  engraved,  shall  be  the  original  and  genuine 
Btandard  of  length  or  lineal  extension  called  a  yard ;  and  the 
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same  straight  line,  or  distance  between  the  centres  of  the  said  two 
points  in  the  said  gold  studs  in  the  said  brass  rod,  the  brass  being 
at  tlie  temperature  of  sixty-two  degrees  by  Fahrenheit's  ther- 
mometer, shall  be  and  is  hereby  denominated  the  '  Imperial 
Yard,'  and  shall  be  and  is  hereby  declared  to  be  the  unit  and 
only  standard  measure  of  extension,  wherefrom  or  whereby  all 
other  measures  of  extension  whatsoever,  whether  the  same  bo 
lineal,  superficial,  or  solid,  shall  be  derived,  computed,  and  ascer- 
tained ;  and  that  all  measures  of  length  shall  be  taken  in  parts 
or  multiples  or  certain  proportions  of  the  said  standard  yard ; 
and  that  one  third  part  of  the  said  standard  shall  be  a  foot,  and 
the  twelfth  part  of  such  foot  shall  be  an  inch ;  and  that  the  pole 
or  perch  in  length  shall  contain  five  and  a  half  such  yards,  the 
furlong  two  hundred  and  twenty  such  yards,  and  the  mile  one 
thousand  seven  hundred  and  sixty  such  yards." 

And  the  act  further  declares,  that  "if  at  any  time  hereafter 
the  said  imperial  standard  yard  shall  be  lost,  or  shall  be  in  any 
manner  destroyed,  defaced,  or  otherwise  injured,  it  shall  be  re- 
stored by  making,  under  the  direction  of  the  Lords  of  the  Treas- 
ury, a  new  standard  yard,  bearing  the  proportion  to  a  pendulum 
vibrating  seconds  of  mean  time  in  the  latitude  of  Loudon  in  a 
vacuum  and  at  the  level  of  the  sea,  as  36  inches  to  39.1393 
inches." 

The  event  contemplated  by  the  last  clause  of  the  act  actu- 
ally happened  in  less  than  ten  years  after  its  passage,  for  the 
standard  was  destroyed  by  the  fire  which  consumed  the  Par- 
liament House  in  1834.  It  was  then  found  that  this  clause 
was  entirely  nugatory,  and  that  the  country  was  left  without  a 
legal  standard ;  for  the  restoration  of  the  lost  yard  could  not  be 
effected  with  any  tolerable  certainty  in  the  manner  prescribed  by 
the  act.  The  measurement  of  the  seconds  pendulum,  which  was 
made  the  basis  of  the  peremptory  enactment,  was  executed  with 
extraordinary  precaution  and  skill  by  Captain  Kater ;  but  this 
measurement  was  subsequently  found  to  be  incorrect,  owing  to 
the  neglect  of  certain  precautions  in  the  determination  of  the 
length  of  the  pendulum,  which  more  recent  experiments  have 
shown  to  be  indispensable.  On  account  of  these  sources  of  error, 
the  yard  could  not  be  restored  with  certainty  in  the  prescribed 
manner  within  one  five-hundredth  of  an  inch,  an  amount  which, 
although  inappreciable  in  all  ordinary  measurements,  is  a  large 
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crrar  in  a  Bciontiric  standard.     Tlie  connoissioners  appointed,  in 

[ I8S8,  "  to  cuii!(ider  tliu  steps  to  be  taken  to  restore  tlio  lust 

^^Hbudard,"  revuiiiiiietidud  tlic  coiistnictiori  of  a  etaiidurd  yard,  and 
^^Htor  "  Piarliamentary  copies,"  ftxtm  tlie  best  autliciiticat«d  copies 
^^Ht  tltc  imjKrial  sUtiidurd  yard  wliieli  then  existed.     They  also 
^^H|e!«cnl)ed  tlte  luanner  in  whicli  the  standard  and  the  four  Par- 
^^^kuneiUart/  copies  should  be  preserved,  and  recumuicnded  further 
^^Kut  uutlienticated  copies,  prejtared  with  all  the  roliucracnts  of 
nodcrn  art,  should  lie  distributed  throughout  the  realm,  and 
placed  in  the  custody  of  certain  govcrumont  officers.    The  recom- 
icodaUons  of  this  commission  have  in  general  been  followed,* 
I  by  an  act  of  Pailiamcnt,  which  received  the  royal  asseut 
sly  30, 1855,  the  restored  standard  yard  was  legalized. 
i  The  actual  standard  of  length  of  the  United  Suites  is  a  brass 
kIc  eigiily-two  inches  in  lengtli,  prepared  for  the  survey  of 
e  coaM  of  tlie  United  States,  by  Troughton  of  London,  in  1813, 
Ipd  deposited  in  the  Office  of  ycight^  and  Measures  at  Wai^li- 
The  temperature  at  which  this  Ecale  is  a  stundurd  is 
'  Fahrenheit,  and  the  yard  measure  is  between  the  27th  and 
1  iucltes  of  the  scale. "f     From  recent  comparisons  of  tlib  scale 
with  a  bronze  copy  of  the  new  British  standard,  presented  to  the 
rntUKl  Stated  by  the  British  govcnuncnt,  it  appears  tliat  the  Brit- 
ish standard  i»  shorter  than  tlie  American  yard  by  0.00087  of  an 
iudi,  —  a  quantity  hy  no  means  inappreciable.     Carefully  adjust- 
ed copies  of  iJio  United  States  standard  yard  have  liccn  prepared, 
^^Jgr  the  order  of  Congress,  under  ilxo  direction  of  Professor  A.  D. 
^^^■aclne,  Superiulcndcnt  of  Weights  and  Measures,  and  distributed 
^^K  die  di&rent  States  of  tlie  Union ;  but  up  to  1859  tlio  standard 
^^%ad  not  been  deGnod  by  any  net  of  Congress.     The  tulxlinsions 
and  multiples  of  tlto  yard  are  given  in  Table  1.  at  the  end  of 
Uiis  Toiiunc,  vitli  their  respective  numerical  relations. 
^  (11.)    Ufiiit  of  Surface  and  of  Volume.  —  All  tlie  English 
Bib>  of  MiHace  are  »[uarcs  whose  sides  are  cqnal  to  the  unitA  of 
L,  villi  the  exception  of  a  few,  which,  like  the  perch  or  the 
\  used  in  the  neasurcmeut  of  laud,  and  in  oilier  coarse 
The  square  inch  is  tlio  most  c<jnvenieut  unit  of 

■  sT  cIk  CiM>lntrtioa  of  ibr  Ne*  Nalional  Rundanl  of  Lniirth  aiwl  of  iD 
By  G.  B.  Ainr,  E»q.,  Astronomer  Ro?«l.     PUIoHiplik^  TnOMC- 
■"    ■   yofLomlon.  Vrt.  CXLVJI   ,,,  631 
i  riw  tftrmwy  of  tic  1n»mtj  on  Wciglita  and  Ura*an>,  Mtb  Congmi, 
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surface  fer  scientific  purposes.    The  circular  inch  is  also  some- 
times used  by  engineers. 

When  volume  can  be  calculated  from  linear  measurements  by 
the  principles  of  Gleometry,  it  is  usual  to  estimate  it  in  culrie 
yards  J  cubic  feeiy  or  cubic  inches  j  and  it  is  in  this  way  that  earth- 
work and  masonry  are  measured.  In  measuring  tlie  Tolume 
of  gases,  liquids,  and  of  many  Tarieties  of  solids,  howcTer,  an 
arbitrary  unit  is  more  frequently  employed.  Several  such  units, 
entirely  independent  of  each  other,  were  f(H*merly  used  in  dif- 
ferent trades ;  but  tlie  Imperial  Gkdlon,  established  by  an  act 
of  Parliament,  has  been  substituted  for  all  other  arbitrary  meas- 
ures of  volume.  It  is  equal  to  277.274  cubic  inches,  and  con- 
tains ten  avoirdupois  pounds  of  water  at  62^  of  the  Falirenheit 
thermometer.  A  taUe  sliowing  the  relations  of  the  units  both 
of  surface  and  of  volume,  will  be  found  in  connection  with  the 
table  of  linear  measure. 

FRENCH  SYSTEM  OF  MEASURES. 

(12.)  History. — Tlie  decimal  metrical  system  of  France  origi- 
nated with  her  Revolution.  ^  It  is  one  of  those  attempts  to 
improve  the  condition  of  human  kind,  which,  should  it  ever  be 
destined  ultimately  to  Setil,  would  in  its  failure  deserve  little  less 
admiration  than  in  its  success.''  *  Previous  to  the  Revolution, 
he  metrical  system  of  France  was  even  more  complex  than  that 
of  England,  almost  every  province  having  distinct  standards  of 
weight  and  measure  of  its  own,  —  a  condition  of  things  which 
was  productive  of  the  most  serious  inconveniences  in  trade  and 
commerce.  The  first  effective  moTement  to  reform  this  extreme 
diversity  was  made  by  Talleyrand  in  the  Constituent  Assembly 
of  1790,  and  the  new  system  was  developed  by  a  commission 
of  members  of  the  Academy  of  Sciences,  consisting  of  Borda, 
Lagrange,  Laplace,  Monge,  and  Gondorcet.  In  their  report, 
which  appeared  in  the  following  year,  they  proposed  that  the 
tenrmillionth  part  of  the  quadrant  of  a  meridian  of  the  globe 
should  be  adopted  as  the  basis  of  a  new  metrical  system,  and 
called  a  Metre  ;  that  the  subdivisions  and  multiples  of  all 
measures  should  be  made  on  the  decimal  system  ;   that,  iu 


*  Report  «poB  Weights  and  Mtararet,  bj  Mm  Qtttncj  Ad«iii%  whidi  mmj  be  coo- 
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r  to  dotermine  the  metro,  an  arc  of  the  meridian,  extond- 
'llK  from  Duuktrk  to  Borcelutia,  six  and  a  lialf  degrees  to  tho 
autb  aiMl  three  degrues  to  the  Eoutli  of  the  mean  pariUlel  of  45°, 
aUiuld  lio  measured,  and  tlmt  tlio  weight  of  a  cubic  dociinotre  of 
distilled  water  at  the  tcutperatiuo  of  meUltig  ice  should  be  deter- 
miiu-d  ajid  adopted  as  the  unit  of  weight.  They  also  proposed 
a  iu:w  subdivisJun  of  Die  quadrant  into  one  hundred  degrees, 
die  de)crou  into  ouu  hundred  minutes,  and  the  minute  into  one 
hutidrvd  Hocoiids.  Tliia  re))ort  was  accepted,  and  tho  execution 
I  if  th«  great  vork  tras  uitriisted  to  four  separate  cotnmissious, 
cludiuf;  the  names  of  the  most  celebrated  men  of  science  of 
The  measurement  of  the  arc  was  as^gned  to  De- 
ibre  and  Mdcliaiii,  and  tho  determination  of  tlie  weight  of 
r  to  Lef^vre-Gincau  and  Fahbroni. 
I  Dclambre  met  witli  great  difficulties  in  tho  jneasurcment  of  the 
tench  portion  of  the  arc.  Tlic  work  waa  commeneod  at  the 
t  violent  period  of  the  Revolution,  and  was  repeatedly  ar- 
f  the  BU^icions  of  the  jieople  and  the  fickleness  of  the 
But,  after  repeated  interruptions,  the  work  waa 
t  in  1796,  wlten  the  whole  of  the  records  of  tho  survey 
e  Kubmitled  to  a  special  commission,  consisting  of  Dclambre, 
Mi^haiu,  Laplace,  and  Legendre,  of  France,  Von  Swindon,  of 
IloUajid,  and  Trallfis,  of  Switzerland,  who  found  the  length  of 
Uio  tuetra  to  he  44S.269036  lignea.' 

The  dctermuiing  of  the  unit  of  weight  led  to  a  most  impor- 
tant discovery.  Tbe  commission  discovered  tliat  vater  was  most 
deuve,  not,  as  liad  been  previously  supposed,  at  tho  temperature 
of  melting  ice,  but  at  a  temperature  nearly  five  degrees  of  the 
centigndv  f«ule  higher.  Tlicy  tlierefore  determined  tlie  weiglit 
of  a  cubic  decimetre  of  distilled  water  at  its  greatest  density,  and 
not,  as  had  been  first  propoticd,  at  0°;  and  to  this  weight  waa 
giveu  tho  name  of  Kihgramnie.  On  the  19tli  of  August,  1798, 
e  orifnnal  metre  and  kilogramme  were  presented,  with  an  ad- 
eaa,  to  Iho  two  councils  of  tlie  legislative  body. 
u.ln  order  to  avoid  sources  of  error  which  might  arise  from  tlie 
^ptiotty  of  tiio  earth,  the  jneasiireraent  of  the  arc  from  Dunkirk 
rSton^ony  (Monjuich\  near  Barcelona,  was  subsequently  ex- 
f  Biot  and  Arago,  in  accordance  with  the  original  design 


*  He  Fmicb  itudtnl  then  in  om. 
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of  M^chain,  to  Formentera,  one  of  tlie  Balearic  Isles,  so  as  to  com- 
prehend an  arc  of  more  than  twelve  degrees  between  the  exti*eme 
stations,  which  would  be  almost  exactly  bisected  by  the  parallel  of 
45^ ;  it  being  well  known  that  from  the  length  of  any  given  arc 
which  is  bisected  by  the  parallel  of  45^  may  be  deduced  a  length 
of  a  quadrant  of  a  meridian,  and  therefore  of  the  metre,  which 
would  be  independent  of  the  earth's  ellipticity.  The  observations 
of  Biot  and  Arago  were  calculated  by  the  same  methods  prescribed 
by  Delambre  in  the  previous  survey,  and  the  result  appeared  to 
verify  the  accuracy  both  of  the  method  and  of  the  original  work, 
since  tlie  length  of  the  metre,  which  was  the  result  of  the  entire 
arc  between  Dunkirk  and  Formentera,  was  found  to  be  almost 
identical  with  that  which  had  been  previously  determined.  The 
perfect  accuracy  of  the  base  of  the  French  metrical  system 
seemed  thus  to  be  established  ;  but,  unfortunately,  later  exam- 
inations have  not  verified  this  conclusion. 

In  the  year  1838,  Puissant,  who  was  then  engaged  in  con- 
structing the  Carte  GSographique  de  la  France^  announced  that 
there  existed  an  important  error  in  the  calculated  length  of  the 
arc  of  the  meridian  on  which  the  length  of  the  metre  was  based, 
and  that  the  calculated  metre  differed  from  the  one  ten-millionth 
part  of  the  quadi*ant  —  the  metre  by  definition  —  by  s^jf  of  tlie 
whole ;  and  that  the  provisional  metre  hastily  adopted  on  the  1st 
of  August,  1793,  during  the  heat  of  the  Revolution,  and  based 
on  an  old  measurement  of  an  arc  of  the  meridian  by  Lacaille, 
was  in  reality  more  accurate  than  that  which  was  established  by 
the  labors  of  the  great  commission.  Puissant's  results  were  sub- 
sequently verified  by  a  careful  re-examination  of  the  calculations 
of  the  commission,  when  it  appeared  that  the  error  he  had  de- 
tected, great  as  it  was,  resulted  from  two  greater  errors,  which 
had  in  part  balanced  each  other  in  the  final  result.  It  was  not, 
however,  thought  best  to  correct  the  length  of  the  actual  metre, 
and  it  still  remains  the  same  as  that  adopted  by  the  commission. 
Thus,  then,  it  appears  that  the  metre  of  France  is  no  less  an  ar- 
bitrary standard  of  measure  than  the  English  yard,  and  that,  like 
the  last,  if  destroyed,  it  cannot  be  restored  in  conformity  to  its 
definition.  Like  all  other  results  of  human  labor,  it  bears  the 
mark  of  imperfection  and  fallibility;  and  the  singular  history* 


•  Seo  tho  Edinbaigh  Review,  Vol.  LXXVII.  page  S28,  for  a  fall  aocoimt  of  thii 
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of  the  work  teaches  most  impressively  the  limitation  and  iincer- 
tointy  of  the  best  human  powers  of  observation  and  reasoning. 

(13.)  Subdivisions  and  Multiples  of  the  Metre. — The  subdi- 
visions and  multiples  of  the  metre  are  all  decimal.  The  names 
of  the  multiples  are  derived  from  tlie  Greek  numerals,  and 
those  of  the  subdivisions  from  the  Latin.  They  are  as  fol- 
lows :  — 

Measttres  of  Length, 

Salometre    =  1000  metres.  Metre  (m.)  =  1.000  metre. 

Hectometre  =   100     "  Decimetre  (d.  m.)  =  0.100     " 

Decametre  =     10      "  Centimetre  (c.m.)=  0.010     " 

Metre  =       1      "  Millimetre  (m.m.)=  0.001     " 

In  this  work,  the  abbreviations  in  the  table  will  be  used  to  desig- 
nate tliese  units  of  length. 

(14.)  Dhits  of  Surface  and  of  Volume. — The  French  units  of 
surface  are  squares  whose  sides  are  equal  to  the  units  of  length. 
They  are  named  squares  of  these  imits,  and  will  be  designated  by 
the  abbreviations  as  above  with  an  exponent  2 ;  thus,  5  ml'  stands 
for  five  square  metres,  and  8 cm.*  for  tliree  square  centimetres. 
The  common  French  measure  of  land  is  the  square  decametre^ 
which  is  called  an  are^  and  the  names  of  its  decimal  multiples 
and  subdivisions  are  formed  like  those  of  the  metre. 

The  units  of  volume  are  in  like  manner  cubes  of  the  units 

of  length,  and  are  named  cubic  metres,  cubic  centimetres,  etc. 

They  will  be  designated  as  before,  using  the  exponent  3 ;  thus, 

5  cm.'  stands  for  five  cubic  centimetres.     The  cubic  decimetre  is 

the  common  measure  of  liquids,  and  is  called  a  litre  =  0.001  m:'. 

So  also  the  cubic  metre,  which  is  the  measure  for  bulky  materials, 

such  as  fire-wood,  has  received  the  separate  name  stere.    Both  tlie 

litre  and  the  stdre  have  decimal  multiples  and  subdivisions  named 

like  those  of  the  metre.    The  very  simple  decimal  relations  of 

the  French  system  render  it  exceedingly  valuable  in  all  scientific 

calculations,  and  it  will  therefore  bo  exclusively  used  in  this 

book.     The  relation  between  the  French  and  English  units  is 

given  in  Table  I.,  and  with  the  aid  of  the  annexed  logarithms  the 

reduction  firom  one  to  the  other  can  easily  be  made.     A  similar 

table  has  also  been  added,  which  gives  the  means  of  reducing 

the  metre  to  several  of  the  most  important  standardf  '  ^ 

the  continent  of  Europe. 

2« 
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The  methods  of  determinmg  approocimately  length,  surface,  and 
solidity,  by  means  of  the  units  of  measure  just  described,  are 
known  to  all  who  have  studied  Geometry,  and  need  not  there- 
fore be  described.  When  great  accuracy,  however,  is  required, 
as  in  most  scientific  investigations,  these  methods  become  less 
simple,  and  cannot  be  fully  understood  imtil  the  student  is  famil- 
iar with  the  action  of  heat  on  matter.     Tliis  will  be  described  in 

* 

the  chapter  on  Weighmg  and  Measuring. 

(15.)  Density  arid  Mass.  —  The  idea  of  volume  involves  that 
of  density  J  since  a  given  volume  may  be  filled  with  a  greater  or 
a  less  amount  of  matter.  The  amount  of  matter  contained  in  a 
cubic  centimetre  of  hydrogen  gas,  for  example,  is  many  thousand 
times  less  than  that  which  fills  a  cubic  centimetre  of  gold.  As 
used  in  Physics,  the  word  density  means  the  amount  of  matter 
contained  in  the  unit  of  volume.  This  quantity  will  always  be 
represented  by  D. 

The  amount  of  matter  which  a  body  contains  is  termed  its  mcLSSy 
and  is  represented  by  M.  For  example,  the  amount  of  matter 
which  the  sun,  the  earth,  a  locomotive,  a  cannon-ball,  or  a  grain 
of  sand  contains,  is  called  the  mass  of  that  body.  When  tlie 
body  is  homogeneous,  there  is  a  very  simple  relation  between  its 
mass  and  its  density.  Its  density,  as  we  have  seen,  is  the  amount 
of  matter  which  one  cubic  centimetre  of  the  body  contains.  Its 
mass  is  the  amount  of  matter  which  the  whole  body  contcdns. 
If,  then,  we  represent  by  Fthe  volume  of  the  body,  that  is,  the 
number  of  cubic  centimetres  which  it  occupies,  it  follows  that 

M=DV.  [1.] 

This,  translated  into  ordinary  language,  means  that  the  amount 
of  matter  which  a  body  contains  is  equal  to  the  amount  of  matter 
which  one  cubic  centimetre  of  the  body  contains,  multiplied  by 
the  number  of  cubic  centimetres  which  the  body  occupies.  The 
mass  of  a  body  is  determined  from  its  weight ;  for  it  will  be 
hereafter  proved  that  the  weight  of  a  body  is  proportional  to  the 
amount  of  matter  it  contains.  It  must,  however,  be  carefully 
kept  in  mind,  that  weight,  although  proportional  to  mass,  is  not 
the  mass,  just  as  the  arc  of  a  circle  is  an  entirely  different  quan- 
tity from  the  angle  which  it  measures. 

From  equation  [1]  we  obtain  D  =  y  ;   that  is,   the   density 

is  the  mass  of  the  unit  of  volume,  or,  as  above,  the  amount  of 
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matter  in  the  unit  of  volume.  In  order  to  estimate  mass  and 
density,  we  assume  a  certain  amount  of  matter  as  a  unit  of  mass 
and  compare  all  other  amounts  with  it.  When  we  say  that  the 
mass  of  a  given  volume  of  iron  is  10,  we  mean  that  the  amount 
of  matter  it  contains  is  ten  times  as  great  as  the  amount  of  matter 
contained  in  this  assumed  unit  of  mass.  In  like  manner,  when 
we  say  that  the  density  of  mercury  is  equal  to  1.386,  we  mean 
that  one  cubic  centimetre  of  mercury  contains  1.386  times  as  much 
matter  as  the  imit  of  mass.  In  every  case,  the  numbers  express- 
ing mass  and  density  stand  for  units  of  mass.  The  unit  of  mass 
is  derived  from  the  unit  of  weight,  as  will  be  explained  in  the 
section  on  Gravitation. 

The  terms  Mass  and  Density  will  be  constantly  used  through- 
out this  work,  and  their  meaning  should,  therefore,  be  clearly 
impressed  upon  the  mind. 

(16.)  Impenetrability, — Matter  not  only  occupies  space,  but  it 
also  resists,  with  differing  degrees  of  force,  any  attempt  to  reduce 
it  into  a  smaller  volume.  Thus,  one  litre  of  air  can  be  made  to 
occupy  a  volume,  so  far  as  we  can  see,  indefinitely  smaller,  but 
only  by  great  mechanical  force.  This  resistance  which  all  bodies 
offer  to  any  attempt  to  condense  them,  is  termed  Impenetrability. 

PROBLEMS. 

1.  What  is  the  length  of  one  degree  on  the  meridian  at  the  latitude  of 
45^  in  French  linear  measure  ? 

2.  The  latitude  of  Dunkh-k  was  found  by  Delambre  to  be  51**  2'  9"; 
that  of  Formentera,  as  determined  by  Biot,  is  38^  39'  56".  What  is  the 
distance  between  these  parallels  in  metred  ? 

3.  The  distance  between  the  parallels  of  Dunkirk  and  Formentera,  as 
determined  by  triangulation,  is  730,430  toises  of  864  lignes  each.  What 
is  the  length  of  a  metre  in  fractions  of  a  toise,  and  in  lignes  ? 

4.  The  equatorial  and  polar  diameters  of  the  globe  are  to  each  other  in 
the  proportion  of  299.15  to  298.15.    \Miat  is  the  length  of  each  in  metres  ? 

5.  Had  the  decimal  division  of  the  circle  mentioned  on  page  15  been 
adopted,  what  would  have  been  the  length  of  one  degree,  one  minute,  and 
one  second  in  metres  ? 

6.  To  how  many  cubic  centimetres  do  five  litres  correspond  ?  To  how 
many  do  3.456  litres,  0.0034  litre,  and  5.674  litres  correspond  ? 

7.  To  how  many  cubic  metres  do  56482  litres,  3240.85  Ctres,  0.675 
litre,  and  0.032  litre  correspond  ? 

8.  A  box,  measuring  ten  centimetres  in  each  direction,  will  held  how 
many  litres,  and  what  portion  of  a  cubic  metre  ? 
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9.  Keduce,  Ijy  means  of  the  table  at  the  end  of  the  book, — 

a.  30  inches  tu  froctians  of  a  metre. 
6.  7G  centimelres  lo  EnglinU  inches, 
e.  36  feet  to  metpes. 

d.  lO  metres  to  feet  and  incites. 

10.  B«duce,  by  means  of  the  table  aX  the  end  of  the  book,- 

a.  8  lbs.  6  oz.  to  grammes. 

b.  7G40  grammes  to  English  npotbecaries'  weight. 

e.  4o  grains  lo  gmmmos. 

11.  Bcduec,  by  means  of  iho  Ijible  nt  the  end  of  the  book,- 

a,  4  pints  to  litres  and  cubic  cenlintetrcs. 

b.  S  gallons  to  litres  and  cubic  centimetres. 
e.  6  blriis  lo  English  mea-surp. 
tL  4  cubic  centimetres  to  English  measure. 


CIT.)  Posilion. — We  conceive  of  a  body,  not  only  as  occupy! 
(I  certain  portion  of  spiico,  but  also  ns  existing  in  Kpoco,  und  ther&- 
fore  OS  being  in  a  determinate  Poxiliim  witli  reference  to  other 
bodies.  A.  book,  for  oxamplo,  not  only  litis  a  certain  amount 
of  space,  l>ut  ulso  holds  a  certain  position  with  reference  to  the 
Btirfucc  of  the  table  on  wliich  it  lies,  or  witli  reference  to  the 
walls  of  the  room  in  which  the  tabic  stands.  If  we  select  a 
point  of  that  book,  its  position  on  the  table  can  easily  he  de- 
fined by  measuring  its  distance  from  each  of  two  adjacent 
edges  of  the  table  alon^^  a  line  parallel  to  the  otiier  of  tlie 
two  edges,  and  its  position  in  the  room  can,  in  like  manner, 
bo  defined  by  measiu'iTig  its  distance  from  two  adjacent  walls 
and  the  ceiling  along  lines  parallel  to  the  Ihruo  cdgos  formed 
by  tho  meeting  of  these  three  surfaces.  This  is  the  method 
most  commonly  used  in  Geometry  of  defining  the  position 
of  a  point.  The  distances 
wliich  determine  the  position 
ill'  :i  point  aro  called  co-ordi- 
luttis,  and  the  edges  and' sur- 
faces to  which  the  position  is 
ri'ferred  are  called  co-ordtaate 
a.trs  and  co-ordinate  ptaacs. 
Ill  Fig.  1,  the  position  of  the 
p-jint  p  is  determined  by  the 
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<ii£t«nc«9  ph  =  b  and  pa=a  from  tlia  two  co-ordinate  axes  o x 
miog;  and  in  Fig.  2,t]ie  position  of  the  ssuue  point  is  dctormiuod 
f  tho  distaucus  p  e  =  c,  p  b  ^  b,  a.iui  ji  a  =  a  I'rom  tliu  jjlanes  xi/, 

,  aud  jf  =.    In  Pui-t  11.  of 

|is  work,  the  use  of  co-ordi- 

m  vrill  be  full/  illiiBtrutcd 

I  tlicir  applictttiou   to  tlie 

Jody  of  cj-ystallugraplij. 

L  The  position  of  points  on 

;  surfncu  of  Llie  globe  is 

bfern.'^I  lo  tlic  t-quator  and 

B  ineriilian  of  Grecnwicli. 

I  this  case,  Iiowever,  tlio 

leitiun  is  not  dellned  by 

c  dii^tanue  from  timsa  plance,  as  in  the  example  just  taken,  but 

f  tlie  latitude  and  lojigitudc;  the  first  being  tim  angular  dis- 

1  of  tbe  place  from  the  equator  measured  on  its  own  merid- 

i,  uid  Uie  second  tlie  angle  made  by  its  meridian  witli  that  of 

wuwich.     In  like  manner,  the  position  of  a  body  in  the  solar 

1  is  defined  by  stating  its  distance  from  tlie  sun  and  its  angu- 

r  position  with  reference  to  the  ecliptic  and  tlic  vernal  equinox, 

D  whicli  its  heliocentric  latitude  and  longitude  are  referred. 

(IS-)  Mobility.  —  The   idea  of  position   necessarily  involves 

Mt  of  change  of  position,  which  wo  call  motion.     'VS'e  cannot, 

r  example,  conceive  of  the  book  as  having  a  definite  position  ou 

D  tabic,  withuut  also  connecting  with  it  the  idea  that  its  posi- 

I  cotild  be  changed,  or,  in  other  words,  that  it  could  move, 

fcbody  is  said  to  be  moving  ttIicu  it  is  constantly  changing  its 

toilion  with  reference  to  the  co-ordinate  lines  to  which  its  posi- 

pvk  is  referred  ;  and  when  no  such  change  is  taking  place,  it  is 

pid  to  bo  at  rest.     Best  and  motion  are  relative  terms;  forabso- 

B  rest  ia  not  known  in  nature.     Evciy  body  on  the  surface  of 

f  glolio  partakes,  not  only  in  a  motion  of  revolution  round  the 

I  of  the  cartli,  but  is  also  moving  round  tlie  sun,  and  per- 

B  accompanying  Iho  sun  in  its  revolution  rouud  a  more  dis- 

^t  cvntrc.     All  known  matter  is  in  motion,  and  when,  in  any 

,  wc  nay  that  it  is  at  rest,  wo  merely  mean  to  assert  that  it  is 

greet  with  reference  to  certain  lines  or  planes,  which  were  arbitral 

f  asmmod  for  co-ordinates.    A  body  on  the  deck  of  a  steamlwiat 

■y  be  at  rust  wilIi  reference  to  tlic  boat,  but  in  rapid  motion  with 


1 
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reference  to  the  earth.  In  like  manner,  a  body  on  the  surface  of 
the  globe,  which  is  said  to  be  at  rest  because  it  is  not  changing 
its  position  with  reference  to  the  equator  and  first  meridian,  is  yet 
in  very  rapid  motion  with  reference  to  the  ecliptic  and  the  vernal' 
equinox.  So,  on  the  other  hand,  a  body  may  appear  to  be  in 
rapid  motion,  and  yet  at  rest  with  reference  to  the  earth  or  the 
sun.  For  example,  a  ship,  which  is  sailing  through  tlie  ocean  at 
the  rate  of  ten  kilometres  an  hour,  while  the  ocean  current  is 
flowing  at  the  same  rate  in  the  opposite  direction,  is  at  rest  with 
reference  to  the  earth,  although  it  would  appear  to  be  in  motion  to 
persons  on  board  the  ship.  Again,  any  point  on  the  surface  of  the 
globe  at  the  latitude  of  50^  is  moving  from  west  to  east,  in  con- 
sequence of  the  rotation  of  the  globe  on  its  axis,  about  289  metres 
each  second,  but  is,  relatively  to  the  surface  of  the  globe,  at  rest. 
If  a  cannon-ball  is,  at  the  same  latitude,  moving  289  metres  each 
second  from  east  to  west,  it  will  appear  to  be. in  rapid  motion 
to  an  observer  at  this  point,  while  it  is  at  rest  with  reference 
to  the  sun. 

Experience  teaches  us  that  a  body  may  move  on  the  surface 
of  the  globe  with  equal  readiness  in  any  direction,  and  therefore 
that  this  motion  is  not  influenced  by  the  motion  of  the  earth  itself. 
The  same  amount  of  gimpowder  which  would  drive  the  cannon- 
ball  289  metres  each  second  from  west  to  east,  would  drive  it  with 
the  same  velocity  from  east  to  west,  or  in  any  other  direction. 
It  is  evident,  from  these  and  similar  considerations,  that  a  body 
may  partake  of  several  motions  at  once,  and  yet  that  each  may 
be  entirely  independent  of  the  rest. 

(19.)  Time  and  Velocity.  —  All  the  phenomena  of  nature 
may  bo  referred  to  motion ;  and  the  succession  of  natural  phe- 
nomena gives  us  the  idea  of  duration,  or  time.  In  order  to 
measure  the  duration  of  phenomena,  we  select  the  duration  of 
some  one  as  our  unit,  and  compare  the  duration  of  others  with  it. 
It  is  essential  that  our  unit  should  be  invariable,  and  such  inva- 
riable units  of  time  we  find  in  the  motions  of  the  heavenly  bodies 
and  in  that  of  the  pendulum.  The  duration  of  a  single  oscilla- 
tion of  a  pendulum  0.99394  m.  long,  at  the  latitude  of  Paris,  is  a 
second^  the  smallest  unit  in  use,  and  the  one  which  we  shall 
have  most  occasion  to  use  in  this  book.  Therefore,  when  the 
unit  of  time  is  spoken  of,  it  is  always  to  be  understood  to  mean 
one  second.     The  duration  of  the  revolution  of  the  earth  on  its 


d=bT,    or    b  =  Y'   and    T=j-.  [2.] 
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txis  is  the  next  larger  unity  which  we  call  a  dapy  and  that  of  the 
revolution  of  the  earth  round  the  sun,  the  largest  unit  in  com-^ 
mon  use,  is  called  a  year. 

T%e  distance  passed  over  by  a  moving  body  in  the  unit  of  time 
measures  its  Velocity^  which  we  will  represent  by  t).  When, 
then,  a  body  is  said  to  have  a  velocity  of  ten  metres,  we  merely 
mean  that,  if  it  continue  to  move  at  the  same  rate,  it  will  pass 
over  ten  metres  in  each  second  of  time. 

(20.)  Uniform  and  Varying  Motions.  —  Tlie  motion  of  a  body 
is  said  to  be  uniform  when  its  velocity  does  not  change.  In  such 
motion  the  body  will  pass  over  the  same  distance  in  each  second, 
or,  in  other  words,  the  distance  passed  over  in  uniform  motion  is 
proportional  to  the  time.  Denoting,  then,  by  d  the  distance 
passed  over,  and  by  T  the  iiiunber  of  seconds,  we  have 

d         ,     _      jrf 

b 

We  have  an  example  of  uniform  motion  in  a  railroad  train 
moving  with  a  constant  speed. 

In  varying  motionSj  the  distances  passed  over  in  successive 
seconds  are  unequal.  The  body  has  no  longer  a  constant  ve- 
locity, and  its  velocity  at  any  moment  is  the  distance  it  would 
pass  over  in  each  second,  if,  with  the  velocity  then  acquired,  its 
motion  suddenly  became  uniform.  The  motion  of  a  body  may 
vary  according  to  diflferent  laws.  There  are  two  kinds  of  varying 
motion  which  it  is  important  to  study.  They  are  called  uniformr 
ly  accelerated  motion  and  uniformly  retarded  motion. 

(21.)  Uniformly  Accelerated  Motion. — The  motion  of  a  body 
is  said  to  be  uniformly  accelerated^  when  its  velocity  increases 
by  an  equal  amount  each  second.  This  amount  is  called  the  ac- 
celeration^  and  will  be  represented  by  v.  The  most  familiar  ex- 
ample of  such  a  motion  is  that  of  the  fall  of  a  stone  to  the  earth. 
Starting  from  the  state  of  repose,  its  velocity  at  the  end  of  the  first 
second  is  9.8088  m.,  which  we  may  call  in  round  numbers  10  m. ; 
at  the  end  of  the  second  second,  its  velocity  is  20  m. ;  at  the  end 
of  the  third,  30  m. ;  at  the  end  of  T  seconds,  its  velocity  is 
10  X  T  metres.  To  make  the  case  general,  if,  starting  from  a 
state  of  rest,  the  body  acquires  a  velocity  each  second  represented 
by  D,  then  its  velocity,  jb,  after  T  seconds  will  be, 

b=Tv.  [3.] 
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In  order  to  find  the  distance  passed  over  at  the  end  of  T 
seconds,  we  make  use  of  the  principle  proved  by  Galileo,  that 
this  distance  is  the  same  as  if  the  body  had  moved  at  a  uniform 
rate  with  a  mean  velocity.  In  the  case  of  a  falling  stone,  the 
velocities  at  the  end  of  successive  seconds  are, — 

0"          1"        2"        8"        4"        5''        6"        7"  j»" 

Om.      10m.    20m.    dOm.    40m.    50m.    60m.   70m (lOn)m. 

At  the  end  of  five  seconds,  the  velocity  is  50  m. ;  at  the  com- 
mencement, the  velocity  is  0  m.  According  to  the  principle  just 
stated,  the  distance  passed  over  is  the  same  as  if  the  body  had 
moved  uniformly  during  the  five  seconds  with  the  mean  velocity 
of  25  m.  In  like  manner,  the  distance  passed  over  between  the 
end  of  the  third  and  the  end  of  the  seventh  second  will  be 
J  (30  +  70)  4  =  200  metres.  Representing,  then,  the  accelera- 
tion of  velocity  during  each  second  by  o,  as  above,  we  shall  have, 
for  the  distance  passed  over  during  T  seconds  by  a  body  moving 
with  a  uniformly  accelerated  motion,  and  starting  from  a  state 
of  rest, 

rf  =  J  (0  +  To)  r=  i  0  T\  [4.] 

The  truth  of  this  principle  can  be  proved  in  the  following  way. 
Let  us  suppose  the  time  T  divided  into  a  large  number  (n)  of  very 

T 
small  intervals.    Each  of  these  intervals  will  be  represented  by  — . 

These  intervals  we  will  take  so  small,  that  the  motion  during  this 
minute  fraction  of  a  second  may  be  regarded  as  uniform,  and  as 
having  the  same  velocity  which  it  really  has  only  at  the  end  of 

the  interval.     Representing  the  velocity  at  the  end  of  one  second 

T  T 

by  0,  the  velocity  at  the  end  of  —  seconds  will  be,  by  [3],   —  o  ; 

T  T 

the  velocity  at  the  end  of  2  —  seconds  will  be  2  —  u  ;     at   the 

T  T 

end  of  3  —  seconds,   3  —  d,  etc. 

Regarding  this  velocity  as  uniform  during  tlie  interval,  we  have, 
by  equation  [2],  for  the  distance  passed  over  during  the  first  in- 

terval,  the  value  rfj  =  -j-  o.  In  the  same  way,  we  shall  find, 
for  the  second  interval,  rf^  =  2  -s-  o ;  for  the  third,  rfj  =  3  -5-  o  ; 

Jf2 

and  for  the  last,  (/» =  n  -7 1).  The  space  passed  over  during  the 
whole  time  T  will  be  equal  to  the  sum  of  these  values. 
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2»2         2»2         7'2  ^2 

or, 

^=^0  (1  +  2  +  3  +  4+ +«). 

The  quantity  within  tho  parenthesis,  being  the  sum  of  the 
tenns  of  an  arithmetical  progression,  is  equal  to  i  (n  +  1)  w ; 
and  substituting  this  value,  we  obtain. 

This  value  of  d  will  be  the  more  accurate  the  smaller  are  the 
intervals  of  time,  or  the  larger  the  number  into  which  T  is 
divided  ;  and  it  will  be  absolutely  accurate  when  the  number  is 
infinitely  large.  In  this  case  n  =  ex,  and  the  last  equation  be- 
comes the  same  as  [4], 

c/=Jt)T«.  [5.] 

For  another  time  T',  we  should  have  d'  =  J  t)  T'*,  and,  com- 
paring the  two  equations, 

d:  d'  =  iD  r«:  i  t)  r'*=  T«:  T"  ; 

that  is,  in  a  uniformly  accelerated  motion^  the  distances  passed 
over  by  a  moving  body  starlinff  from  a  state  of  rest  are  propor- 
tional to  the  squares  of  the  times  employed.  By  substituting 
in  [5]  the  value  of  T  obtained  from  [3],  it  gives, 

d=^^;  [6.] 

',  we  should  have  d'  =  x"^,  and  comparing 
this  equation  with  the  last, 

which  shows  that,  in  a  uniformly  accelerated  motion  starting 
from  a  state  of  rest,  the  distances  passed  over  by  a  moving  body 
are  proportional  to  the  squares  of  the  final  velocities.  By  trans- 
position we  obtain  from  [6] , 

b  =  s/2Td;  [7.] 

which  is  an  expression  for  the  final  velocity  in  terms  of  the  dis- 
tance passed  over,  and  the  constant  increment  of  velocity  fc 
each  second. 

3 
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Returning  to  the  previous  illustration,  if  we  represent  by  a 
the  distance  through  which  a  stone  falls  in  the  first  second,  we 
can  easily  find  the  following  values  for  the  distances  it  will  fall 
through  during  each  succeeding  second,  and  also  for  the  whole 
distance  it  will  have  fallen  through  at  the  end  of  each  second. 

1"    2"      3"      4"      5"       6"       7"  n" 

Successive  distances,  a  3  a  5  a  la  9a  11a  13  a....  (2  n — 1)  a. 
Whole  distances,         a     4a     9alGa25a    d6a    49 a n^o. 

The  co-efiicients  in  the  last  series  are  to  each  other  as  the  squares 
of  the  times ;  —  which  has  already  been  proved.  Those  in  the 
first  series  are  as  the  series  of  odd  numbers,  and  can  be  deduced 
from  the  last  series,  by  subtracting  from  each  of  its  terms  the 
one  next  preceding  it. 

(22.)  Uniformly  Retarded  Motion.  —  When  a  stone  is  thrown 
vertically  from  the  earth,  its  velocity  diminishes  by  an  equal 
amount  each  second,  and  such  a  motion  may  be  said  to  be  uni- 
formly retarded.  The  velocity  of  the  stone  rapidly  diminishes 
until  it  becomes  zero,  when  for  a  moment  it  is  at  rest,  and  then 
it  falls  back  to  the  point  where  it  started.  The  law  which  gov- 
erns the  upward  motion  will  be  most  readily  discovered  if  we 
regard  the  stone  as  moving,  at  the  same  time,  in  two  opposite 
directions ;  rising  in  the  air  in  virtue  of  the  initial  velocity  it 
has  received,  and  at  the  same  time  falling  to  the  earth  in  con- 
sequence of  the  force  of  gravitation  (compare  next  section). 
The  first  is  a  uniform  motion,  and  obeys  the  law  expressed  by 
[2]  ;  the  second  is  a  uniformly  accelerated  motion,  and  obeys 
the  laws  expressed  by  [3]  and  [4],  Since,  now,  all  uniformly 
retarded  motions  may  be  resolved  in  a  similar  way,  it  is  evident 
that  the  velocity  of  the  motion  and  the  distance  passed  over  by 
the  moving  body  after  a  given  number  of  seconds  may  be  foimd 
by  subtracting  from  the  velocity  and  distance  which  would  be 
due  to  the  forward  motion  alone,  the  loss  caused  by  the  uniformly 
accelerated  motion  in  the  opposite  direction.  If,  then,  we  use 
\y  to  denote  the  initial  velocity,  it  is  evident  that  the  residual 
velocity  at  the  end  of  T  seconds  will  be  expressed  by  the  equa- 
tion (compare  [2]  and  [3]) 

b  =  l)'— or.  [8.] 

The  body  will  evidently  come  to  rest  when  o  T  equals  b' ;  when 

T=^.  [9.] 

0 
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s  eaae  of  the  stone,  o  is  equal,  as  before,  to  about  ten  metres ; 
tat  a  stouo  tkrowii  upwards  with  a  velocity  of  one  buiidrcd 
8  a  second  would  come  to  rest  in  ten  seconds.     At  the  end 
JBte  sMtnidfl  its  velocity  would  be  100  —  10x5=50  metres. 
Pn  like  monucr,  tlio  distance  passed  over  at  tho  end  of  Tseconds 
I  %fll  be  the  ditference  between  tho  values  of  d  in  [2]  and  [4],  or 

d=\3'T—lvT.  [10.] 

I  height  to  which  tlie  stone  of  Uie  previous  example  would 
t  in  five  seconds  is,  then,  100  X  5  —  J 10  X  25  ^375  metres. 
I  &nd  how  far  the  uniformly  retarded  body  will  move  before 
DDiiig  to  rest,  substitute  in  [10]  tho  value  of  Tgiven  in  [9], 
1  gives 


'20* 


B  etone  will  then  rise  to 


100' 


!  500  metres,  before   it  begins 


8.)   Compound  Motion.  —  It  has  already  been  stated,  that  a 
fij  may  be  moving  in  several  directions  at  once,  and  moving 
' '»  perfect  freedom  in  each.     The  movements  of  the  passengers 
p  the  deck  of  a  vessel  sailing  over  a  calm  sea  preser^'e  tho  same 
Utons  of  direction  and  velocity,  relatively  to  the  different  parts 
flT  tl»e  vessel,  as  if  it  were  at  rest.     Ho  also,  tho  motions  on  the 
mrlace  of  the  globe  arc  not  inflnenced  by  its  rotation  on  its  axis, 
^■|Ub  motions  through  space.     A  point  on  the  rim  of  a  wagon- 
^^■K^  partakes  of  the  forward  motion  of  tho  wagon,  while  it  is 
^^pp  revolving  round  tho  axle.     The  actual  motion  of  a  liody 
^Vwch  is  the  result  of  two  or  more  motions,  is  termed  a  com- 
pound motion  :  and  we  will  now  inquire  what  must  be  the  patli 
and  Telocity  of  such  motions,  commencing  with  the  simplest  case, 
^Jj^erc  tlicro  an?  but  two  motions,  and  where  both  are  uniform. 
^HJS4.)    Para/U/o-rram    of 
^^Hfioiu. —  lA't  us  then  sup- 
^^ne  that  a  bo<iy,  iitnrfitig 
from  a,  is  moving  towards 
_M  with  a  uniform  motion, 
L  that  at  the  same  lime 
hlioe  d  e  16  moving  par- 
|l  to  itself,  and  also  witli 
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a  uniform  motion,  towards  e  Sj  tlie  point  a  always  keeping  on  the 
line  a  e.  Let  lis  also  suppose  that  the  velocities  are  so  adjusted, 
that,  when  the  body  reaches  the  point  f ,  the  line  will  have  reached 
the  position  e  s.  It  is  easy  to  show  that  the  path  described  by 
the  body  is  the  diagonal  a  ^  of  the  parallelogram,  of  which  a  s  and 
e  s  are  two  sides. 

Lay  off,  in  the  direction  am^fi  line,  a  f ,  equal  to  the  velocity 
of  the  moving  body,  and  on  the  line  ana  distance,  a  c,  equal  to 
the  velocity  of  the  moving  line.  Divide  both  of  these  lines  into 
tlie  same  number  of  equal  parts.  Each  of  these  will  be  equal  to 
the  space  passed  over  by  the  moving  body  or  line  in  a  small  frac- 
tion of  a  second,  which  we  may  take  as  small  as  we  choose.  At 
the  end  of  the  first  of  these  intervals,  the  body  will  evidently 
reach  the  point  p  ;  at  the  end  of  the  next,  the  point  q ;  at  the 
end  of  the  third,  r ;  and  so  on,  until  the  end  of  the  second,  when 
it  will  reach  the  point  s.  By  making  the  number  of  intervals 
larger  and  larger,  we  can  prove  that  the  body  will  pass  succes- 
sively a  larger  and  larger  number  of  points  on  the  line  a  s  ;  and 
by  making  the  number  of  intervals  infinite,  that  it  will  pass 
every  point  on  the  line,  or,  in  other  words,  that  it  will  move  on 
the  line  itself. 

It  will  be  noticed,  that  the  proof  is  general  for  any  velocities 
when  the  two  motions  are  uniform  ;  and  moreover,  that  the  line 
a  s  represents,  not  only  the  direction,  but  also  the  velocity  of  the 
moving  body.  Hence  follows  the  well-known  proposition,  first 
enunciated  by  Galileo,  and  generally  termed  the  Composition  of 
Velocities  :  —  The  velocity  resultinff  from  two  simultaneous  ve- 
locities is  represented^  both  in  direction  and  in  amovfUy  by  the 
diagonal  of  a  parallelogram  constructed  on  two  straight  lines, 
which  represent  the  direction  and  amount  of  these  velocities. 
The  reverse  of  this  must  also  be  true ;  and  any  given  motion 
may  be  considered  as  resulting  from  two  others  which  stand  in 
the  same  relations  to  it,  both  as  regards  direction  and  velocity, 
that  the  sides  of  a  parallelogram  do  to  its  diagonal.  Hence  the 
converse  proposition :  —  A  velocity  in  any  given  direction  may 
be  resolved  into  two  others,  represented  both  in  direction  and 
amount  by  the  two  sides  of  a  parallelogram,  of  which  the  first 
velocity  is  the  diagonal. 

As  the  same  line  may  be  the  diagonal  of  an  infinite  number  of 
difTerent  parallelograms,  it  follows  that  a  given  motion  may  be 
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d  of,  or  may  be  resolved  into,  an  iiifutitc  number  of  dif- 
■ont  pail's  of  uniform  motions. 

We  have  considered,  above,  a  motion  as  resulting  from  two 
tlier  luiiform  motions ;  but  a  motion  may  result  ftom  tluce  or 
motions.  As  these  motions  are  entirely  independent  of 
'  toch  other,  wo  can  ohvioii5.1y  find,  hy  the  above  method,  wJiat 
would  be  the  result  of  two  alone ;  and  tliou,  by  combining  this 
resultant  with  the  third  motion,  we  shall  obtum  a  Goeond  rcsull- 
^HjBBt,  which  would  bo  the  result  of  thi-ee  alone ;  and  hy  combining 
^^Hbe  second  resultant  with  the  fuurtU  motion,  we  should  obtain  a 
^^Hlird  resultant ;  —  and  so  we  can. proceed  until  we  obtain  the 
^^Hnal  resultant  of  all  the  motions. 

^H[  \Miat  has  been  proved  to  be  true  in  regard  to  the  resultant  of 
^^Rwo  or  more  uniform  motions,  is  also  true  in  regard  to  two  or  more 
uniformly  varying  motions,  provided  the  variations  of  botii  follow 
tho  same  law.  Tliis  truth  can  easily  lie  proyed  in  the  case  of  two 
uniformly  accelerated  or  uniformly  retarded  motions,  by  laying 
off,  on  two  lines  representing  tho  directions  of  the  motions,  the 
ipacee  passed  over  during  successive  intervals  of  time,  taken  so 
small  that  the  motion  during  each  interval  may  be  considered 
uniform.  We  can  thus  find  tho  points  at  which  the  movilig  body 
will  be  at  the  end  of  tlieso  successive  intervals,  as  above  ;  and  it 
will  then  he  easy  to  prove  that  the  resulting  motion  may  be  rep- 
d,  both  in  direction  and  velocity,  by  the  diagonal  of  a 
laraUelogram,  of  which  tho  two  sides  represent  the  velocities  at 
"  e  end  of  one  second. 
In  the  case  where  the  original  motion  is  uniform,  it  is  easy  to 
rove  that  the  resulting  motion  is  also  uniform  ;  and  where  it  is 
■ying,  that  tho  resulting  motion  varies  according  to  tho  same 
pkw  aa  its  two  components.  Tlius,  in  the  last  example,  the  resulb- 
;  motion  will  be  uniformly  accelerated  or  retarded,  as  the  case 
"  may  be. 

(25.)  CurvUittfiar  Motion. — In  tho  cases  above  considered, 
the  resulting  motion  is  rectilinear ;  if,  however,  any  one  of  the 
motions  of  which  a  compound  motion  is  composed  obeys  a  differ- 

»ent  law  from  tho  rest,  the  resulting  motion  is  curvilinear.  As 
the  velocity  of  a  moinng  body  may  vary  according  to  many  dif- 
ferent laws,  and  as  an  infinite  number  of  combinations  of  such 
varying  motions  may  bo  made,  an  infinite  variety  of  curvi- 
linear motions  may  result.    We  can  only  consider  here  one,  and 
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I  will  1 


mpl« 


that  cue  of  the  simplest  cases,  which 

gf  tlie  rest.    Let  us,  then,  suppose  a  body  moving  from  n  to  »( (Hg. 
4)  with  a  uniform  motiou,  and  at  tho  same  time  moving  in  the 
direction  a  »  with  a  uoifoi 
accelerated    motion.     An 
ample  of  such  a  motion  wot 
be  that  of  a  cannon-ball,  fired 
horizontally  from  the   embra- 
sure of  a  fort,  at  some  height 
above  the  general   surface 
tho  ground.     In  virtue  of 
projectile  force,  it  would  moi 
horizontally  along  the  line  a 
with  a  uniform  motiou,  wf     _ 
in   obedience   to    tho  force  of 
gravity  it  would  rapidly  fall  to 
"^' '  the  earth,  in  tho  direction  a  n, 

with  a  uniformly  accelerated  motion.  To  find  tho  path  of  the  re- 
sulting motion,  let  t)  be  tlie  velocity  of  the  uniform  motion,  and 
t)  tho  acceleration  of  velocily  of  the  falling  body  for  each  second. 
Lay  off  on  the  line  a  m  tho  distances  a  ^,  /3  y,  y  i,  etc.,  each  equal 
to  U-  Lay  off  ou  the  line  a  n  tho  distances  ab,bc,cd,  etc.,  equal 
to  \o,  jO,iv,  etc.,  the  distances  through  which  the  ball  will  fall 
successive  seconds.  Draw  through  each  of  the  points  ^,  ^,  8,  et 
hues  parallel  to  a  n,  and  through  b,  c,  d,  etc.,  lines  parallel 
a  III.  The  points  P,  Q,  E.  etc.,  where  the  first  set  of  lines  ini 
sect  the  second,  are  evidently  points  through  which  the  hall  mat 
pass.  Join  these  points  by  a  curved  line,  and  this  line  will  repre- 
sent tho  path  of  the  ball.  It  is  easy  to  show  that  this  path  is  a 
parabola.  For  this  purpose,  let  the  lines  a  m  and  a  n  be  the  axes 
of  co-ordinate§.  The  co-ordinates  of  any  poiut,  as  s,  are  s  e  ^x 
and  s  *  =  y ;  and  we  know  that  j,-  ^  (  o  :=  U  T,  and  also  y^ea 
=;  J  D  T'.  Equating  the  values  of  T  obtalued  fi-om  these  cqi 
tious,  we  have,  by  reduction, 


1  the 
roul£^l 


larf^" 


Since 


2lV 


parabola,  in  which  \p 


a  constant  quantity,  this  is  tho  equation  of  1 

2  b 
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What  is  the  velocity 


Velociti/  and  Uniform  Motto. 

12.  A  locomotive  rana  30  kilometres  in  l''*20'. 
IrflheWomotivy? 

13.  A  hot^e  trors  It  kilometres  in  one  hour.     What  ia  his  velocity? 

14.  A  man  walks  5.6  kilometres  in  1"- 10'.     What  is  his  velocity? 

15.  Frnm  the  extremities,  A  and  B,  of  a  straight  line  24,000  m.  long, 
Ptiro  botliea  start  at  the  same  time.     The  one  from  A  move*  in  the  direc- 

a  A  B  with  a  velocity  of  2  m.  ;  the  other  from  B,  in  the  direction 
B  A,  with  a  velocity  of  3  m.  At  wliat  distance  from  A,  and  after  what 
ime,  will  they  meet  ? 

IG.  From  the  extremiiies,  A  and  B,  of  a  straight  line  a  m.  long,  two 
bodies  start ;  the  one  from  A,  I"  aiier  the  one  from  B.  Tlie  one  from  A 
moves  with  a  velocity  of  c  m.,  the  one  from  B  with  a  velocity  of  c,  m.  At 
^#hat  distance  trom  A  will  they  meet  ? 

Uni/ormli/  Accelerated  or  Retarded  Motion. 
Find  the  space  through  which  a  hody  tails  in  7",  and  the  velocity 
[uired.     The  increment  of  velocity  each  second  is  D  —  9.8  m. 
IS.  A  stone  falls  from  the  top  of  a  tower  to  the  earth  in  2.5".     How 
igh  is  the  tower  when  »  —  9.8  m.? 
19.  On  the  surface  of  the  moon,  the  increment  of  velocity  of  a  falling 
1.654;  on  the  surface  of  the  phinet  Jupiter,  0  "  26.243. 
Ifind  the  answers  to  the  last  two  problems  with  these  values. 

SO.  A  stone  is  let  fall  into  a  pit  100  m.  deep.  With  what  velocity  will 
it  Gtrike  the  boiuim  of  the  pit  ?  With  what  velocity  would  it  strike  the 
bottom  of  a  similar  pit  on  the  moon,  and  on  Jupiter? 

31.  A  sione  is  projected  vertically  with  a  velocity  of  50  m.  Hovr 
'l^h  will  it  rise  from  the  earth  ?  How  high  would  it  rise  from  the 
^mooD,  and  from  Jupiter?  After  how  many  eeconda  will  it  again  reach 
the  ground  in  the  three  cases  ? 

22.  A  body  is  projected  vertically  from  the  bottom  of  a  tower  80  m. 

lugh,  with  n  velocity  of  48  m.     In  what  time  will  it  reacji  the  lop,  and 

what  will  he  its  velocity  at  that  time  ?     Also,  to  what  height  above  llie 

ip  of  the  tower  will  it  rise,  and  after  what  lime  will  it  again  reach  the 


^H^^p  of  I 
^Bkotlom 


iS.  A  body  is  projected  vertically  with  30  m.  velocity.  A  second  later, 
another  body,  with  40  m.  velocity,  is  projected  vertically  from  the  same 
point.    At  wliat  point  of  elevation  will  the  two  meet  ? 

24,  A  cannon-ball,  being  projected  vertically  upwards,  returned  in 
20"  to  the  place  from  which  it  was  lired.  How  high  did  it  ascend,  and 
what  wa$  the  velocity  of  its  projection  ?  Solve  the  problem  also  for  0  ^ 
1.654,  and  V  —  26.243. 
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FORCE. 

(26.)  Force.  —  Matter,  of  itself,  is  incapable  of  changing  its 
state,  either  of  rest  or  of  motion.  If  a  body  be  at  rest,  it  cannot 
put  itself  in  motion ;  if  a  body  be  in  motion,  it  can  neither 
change  that  motion  nor  reduce  itself  to  rest.  Any  such  change 
must  be  produced  by  some  external  cause  independent  of  the 
body.  This  quality  of  matter  we  term  Inertia;  and  the  external 
cause  we  term  Force.  In  discussing  the  origin  and  nature  of 
force  in  the  introductory  chapter,  we  used  this  word  for  the  cause 
of  all  the  phenomena  of  nature.  We  shall  use  it,  in  this  section, 
in  a  more  limited  sense,  as  meaning  ^^  any  agency  which ^  applied 
to  a  body  J  imparts  motion  to  it,  or  produces  pressure  upon  itj  or 
causes  both  of  these  effects  together. ^^  In  studying  the  action  of 
a  force  upon  a  body,  we  must  consider  three  things.  First,  the 
point  of  the  body  to  which  it  is  applied,  its  point  of  application ; 
secondly,  its  intensity;  thirdly,  its  direction.  The  action  of 
forces  on  bodies  is  the  subject-matter  of  Mechanics.  We  shall 
only  be  able  to  consider  here  those  elementary  principles  of 
this  science  which  we  shall  have  occasion  to  use  in  this  book, 
referring  the  student  to  works  on  Mechanics  for  a  full  exposition 
of  the  subject. 

(27.)  Direction  of  Force.  —  When  a  force  applied  to  any 
point  of  a  body  causes  it  to  move,  the  direction  of  the  motion  is 
the  direction  of  the  force.  If  the  point  cannot  move,  the  direc- 
tion of  the  force  is  the  direction  of  the  pressure  exerted  by  it,  or 
the  direction  in  which  the  point  would  move  if  it  were  free. 
When  two  or  more  forces  are  applied  to  any  point  of  a  body^ 
each  of  these  produces  the  same  effect  as  if  it  were  acting  alone. 
This  is  a  necessary  consequence  of  what  has  already  been  stated, 
in  regard  to  the  perfect  freedom  with  which  a  body  may  move  in 
several  directions  at  once.  Each  of  these  motions  may  be  the 
result  of  a  separate  force,  which  thus  acts  in  producing  motion  as 
if  it  were  acting  alone.  Hence,  also,  the  action  of  a  force  upon 
a  body  is  not  affected  by  its  condition  of  rest  or  motion,  because 
the  result  which  it  produces  is  by  the  above  principle  entirely  in- 
dependent of  the  motions  which  other  forces  have  impressed  upon 
it.  For  example,  if  a  body  moving  with  a  given  velocity,  under 
the  influence  of  a  given  force,  is  suddenly  acted  upon  by  another 
and  equal  force,  in  a  direction  at  right  angles  to  tiie  first,  it  wiU 
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moTe  in  the  new  direction  with  the  same  velocity  as  if  it  had 
been  previously  at  rest.  The  path  it  describes  can  be  found  by 
combining  the  two  motions  according  to  the  principles  already 
described. 

It  follows  from  tliis  principle,  that  a  body  under  the  tn- 
jhetice  of  a  farce  which  is  constant^  both  in  direction  and 
imiensiiy,  moves  with  a  uniformly  accelerated  velocity.  That 
this  must  be  the  case  can  be  seen  by  reflecting  that,  if  this 
force  imparts  to  the  body  a  velocity  0  during  the  first  second, 
it  will,  from  the  principle  just  stated,  impart  the  same  velocity 
during  each  succeeding  second.  At  the  end  of  the  second 
second,  the  body  will  then  have  the  velocity  gained  during  two 
seconds,  or  2  0 ;  at  the  end  of  the  third  second,  it  will  have 
the  velocity  gained  during  throe  seconds,  or  3  0 ;  and  so  on. 
In  other  words,  the  velocity  will  be  proportional  to  the  time, 
which  is  the  characteristic  of  uniformly  accelerated  motions. 
The  reverse  of  this  also  must  be  true ;  that  is,  a  body  moving 
with  a  uniformly  accelerated  velocity  in  a  straight  linCy  must  be 
under  the  influence  of  a  force  of  constant  intensity  acting  in  the 
direction  of  its  motion, 

K,  when  a  body  has  acquired  a  given  velocity,  the  force  ceases 
to  act,  the  body  will  continue  to  move  with  the  same  velocity  and 
in  tlie  same  direction  which  it  had  when  the  action  of  the  force 
ceased  ;  in  other  words,  it  will  have  a  uniform  motion,  and  the 
motion  will  continue  until  it  is  arrested  by  an  equivalent  force, 
acting  for  an  equal  time  in  the  opposite  direction.  This,  which 
is  a  necessary  consequence  of  the  principle  of  inertia,  is  illus- 
trated by  many  familiar  facts.  A  train  of  cars  continues  to 
move  after  the  action  of  the  steam  has  ceased,  and  until  the  fric- 
tion of  the  wheels  and  the  resistance  of  the  atmosphere  destroys 
the  motion.  Were  it  not  for  these  opposing  forces,  a  body  once 
set  in  motion  on  the  earth  would  continue  to  move  indefinitely 
with  the  same  velocity,  and  in  the  same  direction,  which  it  had 
when  the  force  which  produced  the  motion  ceased  to  act.  This 
does  not  admit  of  direct  experimental  illustration  ;  because,  on 
the  surface  of  the  earth,  we  can  never  entirely  remove  a  body  from 
the  influence  of  the  resistance  of  the  air  or  of  friction.  But 
even  here,  the  more  completely  these  influences  are  removed,  the 
longer  motion  continues ;  and  in  the  heavenly  bodies,  where  they 
do  not  exist,  at  least  to  any  sensible  degree,  the  motion  is  per- 
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petual.  A  uniform  motion  in  a  straight  line  does  not,  therefore, 
necessarily  imply  the  existence  of  a  force  still  acting ;  it  only 
shows  that  a  force  has  acted  at  some  previous  time.* 

(28.)  Equilibrium.  —  When  two  or  more  forces  are  acting  on 
a  body,  or  on  a  system  of  bodies,  in  such  a  way  that  they  exactly 
balance  each  other's  effects,  they  are  said  to  be  in  equilibrium. 
Forces  so  adjusted  will  not  communicate  motion  to  a  body  at  rest, 
or  alter  its  motion,  if  already  in  motion.  That  portion  of  the 
science  of  Mechanics  which  treats  of  the  conditions  of  equilibria 
umj  is  termed  Statics ;  that  part,  of  which  the  object  is  to  deter- 
mine the  motion  which  a  body  assumes  when  the  forces  which 
are  applied  do  not  constitute  an  equilibriiun,  is  called  Dynamics. 

(29.)  Measure  of  Forces.  —  We  conceive  of  forces  as  having 
different  intensities,  and  hence  as  quantities,  which  can  be  ex- 
pressed in  numbers,  selecting  one  of  them  as  the  unit.  As, 
however,  we  only  know  forces  through  their  effects,  we  can  only 
compare  them  together  by  comparing  their  effects ;  that  is,  by 
comparing  together  the  amounts  of  motion  they  cause,  or  the 
amounts  of  pressure  they  exert.  Let  us  then  seek  for  a  measure 
of  force  in  the  amount  of  motion  which  it  causes.  In  discussing 
tliis  subject  we  can  assume  as  axioms,  —  first,  that  two  forces 
are  equ^l  which  will  give  equal  velocities  to  equal  amounts  of 
matter  in  the  unit  of  time ;  secondly,  that  two  forces  are  equal 
whichj  when  applied  in  opposite  directions  to  any  point  of  the 
same  body^  or  to  any  two  points  situ4ited  in  the  line  of  the  forces 
and  inseparably  united^  leave  it  at  rest.  The  following  proposi- 
tions can  now  be  easily  proved. 

Proposition  1.  Two  constant  forces,  which  in  the  unit  of  time 
impart  to  unequal  masses  of  nuUter  equal  velocities,  must  be  to 
each  other  as  these  masses.  Let  us  suppose  that  we  have  n 
equal  masses  of  matter,  each  represented  by  w,  on  which  are 
acting  n  equal  forces  in  directions  parallel  to  each  other,  each 
represented  by  /.     By  the  axiom  above,  each  of  these  masses' 

*  This  statement  does  not  apparently  agree  with  the  principle  of  the  introductory 
chapter,  in  which  it  is  maintained  that  all  phenomena  imply  a  continuously  acting 
cause;  but  it  must  be  remembered  that  rest  and  motion  are  merely  relative  terms, 
and  that  the  last  is  as  much  a  state  or  condition  of  matter  as  the  first  Any  change 
of  condition,  whether  from  rest  to  motion,  from  motion  to  rest,  or  fh>m  one  mode  of 
motion  to  another,  implies  the  intervention  of  some  force ;  but  the  mere  continuance 
in  a  g^ven  condition  implies  a  continuously  acting  cause  only  so  far  as  such  a  cause 
ii  implied  by  the  continufid  existence  of  all  created  things. 
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▼ill  receive  the  same  Telocity  in  the  unit  of  time  ;  they  will,  tliere- 
fore,  all  move  in  the  same  direction  and  with  the  same  velocity, 
and  must  preserve  tlie  same  relative  position.  We  may  then 
regard  them  as  united  in  a  single  body,  whose  mass  is  equal  to 
It  X  It,  on  which  is  acting  a  force  equal  to  n  X  /•  Hence  it 
follows,  that  tlie  force  n  X  /  will  give  to  the  mass  nX  m  the 
same  velocity  that  the  force  /  will  give  to  the  mass  m.  It  is  evi- 
dent that 

nXf:  f=n  X  m  :  m. 

To  make  this  proof  more  general.  Let  M  and  M'  represent  the 
two  masses  of  matter,  which  we  will  suppose  to  be  commensu- 
rable, and  let  m  be  their  common  measure ;  so  that 

M=nmj    and    JIf' =  t»' w- 

Represent  by/  the  value  of  the  force  which  will  impart  to  m  the 
given  velocity  in  the  unit  of  time ;  then,  by  what  precedes, 

nf  will  give  the  same  velocity  to  n  m,  or  JIf,  and 
n'f  "  "  "  n'  w,  or  M'. 

Represent  nf  by  jP,  and  n'/  by  jP',  and  we  have 

nf  :  n'f=nm:n'm,    or     F:  F'  z=M:  JIf',      [11.] 

which  was  to  be  proved.  If  the  masses  are  not  commensurable, 
we  can  take  m  infinitely  small. 

Proposition  2.  Two  constant  forces  j  which  in  the  unit  of  time 
impart  to  equul  masses  of  matter  vnequal  velocities^  must  be 
to  each  other  as  these  velocities.  Represent  the  two  forces  by 
F  and  -F',  which  we  will  suppose  to  be  commensurable,  and  let 
/  be  their  common  measure  ;  so  that  F:=nfy  and  F'  =  n'/. 
Represent  also  by  v  and  v'  the  velocities  which  these  forces  re- 
spectively impart  to  the  common  mass.  My  in  the  unit  of  time. 
The  force  /  will  be  capable  of  imparting  to  JIf  a  velocity,  which 
we  will  represent  by  v'\     It  follows  now,  from  the  last  proof, 

that  F  =  n/will  impart  to  JIf  a  velocity  n  t)"  ==  u,  and 

thatf'=n'/         "  "  "         n'v''  =  v'; 

hence 

' nf:n'f=niy'  :n'v'\    or    F:F'  =  v:v\         [12.] 

Proposition  3.  Two  constant  forces  are  to  each  other  as  the 
products  of  the  masses  by  the  velocities  which  they  impart  to 
these  masses  in  the  unit  of  time.    Let  F  and  F'  be  the  two  forces 
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acting  on  tlio  masses  M  and  M\  and  imparting  to  them  the 
velocities  u  and  u'  in  the  unit  of  time.  Represent  by  /  a  force 
which  imparts  to  the  mass  M  the  velocity  u'  in  the  \mit  of  time, 
f  and  /  are,  then,  two  forces  which,  in  the  unit  of  time,  impress 
on  equal  masses,  M  and  ilf,  unequal  velocities,  0  and  0' ;  hence, 
from  Proposition  2, 

F:f=v  :  t)'. 

Moreover,/  and  F*  are  two  forces  which  impress  on  unequal 
masses,  M  and  ikf ',  equal  velocities,  0'  and  v' ;  hence,  from  Prop- 
osition 1, 

/:  F'  =  M:  JJf'. 

Multiplying  the  two  proportions,  term  by  term,  we  obtain 

F:  F'  =  Mv:  M'v',  [13.] 

which  was  to  be  proved. 

In  order  to  measure  a  force,  we  have  then  only  to  select  some 
one  force  for  our  unit,  and,  by  the  principles  of  the  above  propo- 
sitions, compare  all  other  forces  with  it.  We  will  then  assume, 
as  the  unit  of  forces  that  force  which,  acting  on  the  imit  of  mass 
during  one  second,  will  impress  upon  it  a  velocity  of  one  metre, 
or  that  force  which  causes  an  acceleration  of  one  metre  in  the 
velocity  of  the  unit  of  mass  each  second.  If  then  a  given  force, 
F,  acting  during  one  second,  impresses  on  a  given  mass  of  mat- 
ter, ilf,  a  velocity,  0,  we  can  easily  find  the  relation  it  bears  to 
the  unit  of  force  by  the  above  proportion, 

F:  F'  =  Mv:  M' v'. 

If  F'  is  the  unit  of  force,  then,  by  definition,  M'  and  0'  are  both 
equal  to  unity ;  and  the  proportion  gives 

F=Mv.  [14.] 

It  will  be  remembered  (21),  that  the  quantity  t>  is  termed 
technically  the  acceleration.  Hence,  the  measure  of  a  force  is 
the  product  of  the  mass  mvved  by  the  acceleration.  For  example, 
if  the  mass  moved  is  equal  to  four  units  of  mass,  and  the  accel- 
eration is  equal  to  six  metres,  the  intensity  of  the  force  is  equal 
to  twenty-four ;  that  is,  the  intensity  of  the  force  is  twenty-four 
times  as  great  as  the  unit  of  force. 

If  a  constant  force  continues  to  act  upon  a  body  during  a  given 
time,  it  imparts  to  it  each  second,  as  we  have  seen,  as  much  ve- 
locity as  it  gave  to  it  the  first.    This  velocity  we  have  called  the 
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Mlerstion,  and  represented  by  »,  At  the  end  of  7  seconds  the 
fisTp,  which  has  been  represented  by  ij.  If  now  the 
I  to  act,  the  motion  becomes  uniform,  and  the  body 
t lo  move  villi  the  Telocity  V  =  To-  la  order  to  stop 
,  it  would  be  necessary  to  apply  to  the  body,  in  an  op- 
rite  direction,  a  force  of  the  same  iiitcuMty,  for  an  equal  time. 
r  M  roprcseuls  the  mass  of  the  body,  M  v  represents  the  inten- 
f  of  ll»o  original  force  ;  and  hence  it  would  require  a  force  of 
1  iutensity  Mv  acting  during  T  seconds  to  destroy  tlie  mo- 
Eridently,  however,  the  same  effect  could  he  produced  by 
■  force  of  T  times  the  intensity,  acting  for  one  second.  Tlio 
lensily  of  tliis  force  would  be 

D  =  M  b. 


TMj, 


[15.] 


mce  the  product  of  the  mass  of  a  body  by  its  velocity  rcpre- 
»  tlie  intensity  of  a  force  which,  acting  during  one  second, 
I  bring  Uic  body  to  rest.  This  product  is  usually  called  the 
mommltiM  of  a  moving  body.  We  say,  for  e.xamplo,  tliat  a  body 
whose  mass  is  equal  to  live  units,  and  which  is  moving  with 
a  Telocity  of  four  metres,  has  a  momentuvt  equal  to  20 ;  and 
we  meui  by  this,  that  it  woujd  require  a  force  twenty  times  as 
iuteiifie  as  the  unit  of  force,  and  acting  for  one  second  in  a  direc- 
tioa  oppofdte  to  tliat  of  the  motion,  to  bring  the  body  to  rest. 
The  momentum  is  also  frequently  called  the  moving  force  of  the 
body,  because  it  not  only  i-eprcsenls  the  intensity  of  the  force  re- 
quired to  overcome  its  motion,  but  also  because  the  hodyitself 
wuald  exert  a  force  of  this  intensity  against  any  obstacle  tending 
to  resist  its  motion.  In  this  view,  momentum  may  be  regarded 
t  representing  the  accumulated  intensity  of  force  in  a  body  ;  the 
idoct  JIf  D  representing  the  intensity  of  force  in  a  body  after 
B  second  ;  the  product  M  b  representing  the  accumidatcd  in- 
rity  after  T  seconds. 

jiuM  he  carefully  noticed,  that  we  have  considered  in  this 
ion  solely  the  measure  of  the  intensities  of  forces,  and  not 
e  of  their  quantities.  The  quantity  of  a  force,  or,  as 
sqnently  called,  its  power,  is  measured  in  a  different 
~i  be  shown  in  (4:2).  In  this  woik.  we  shall  have  to 
wt  solely  with  the  intensities  of  forces,  and  when  tlie 
e  of  force  is  referred  to,  it  must  bo  always  understood 
to  mean  \hv  measure  of  its  intensity,  unless  the  reverse  is  cx- 
firewl/  Mated. 
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COMPOSITION   OP  FORCES. 


(30.)  Components  and  Resultant.  —  In  mechanical  problems 
we  frequently  have  two  or  more  forces  acting  at  once  on  the  same 
point  of  a  body,  or  on  several  points  which  are  immovably  imited 
together ;  and  it  becomes  important  to  consider  what  will  be  their 
combined  effect.  This  problem,  which  is  termed  the  composition 
of  forces  J  reduces  itself  to  that  of  finding  the  direction  and 
amount  of  a  suigle  force  which  would  produce  the  same  motion 
as  that,  resulting  from  the  action  of  all  the  forces  combined. 
This  single  force  is  called  the  resultant j  and  the  forces  to  which 
it  is  equivalent  in  effect  are  called  its  components.  It  follows, 
from  this  definition,  that  a  force  is  mechanically  equivalent  to 
the  sum  of  its  components,  and,  on  the  other  hand,  that  any 
number  of  forces  are  mechanically  equivalent  to  their  resultant ; 
because,  as  we  only  know  forces  through  their  effects  in  pro- 
ducing motion,  any  forces  which  produce  the  same  motions  are 
to  us  equivalent. 

(31.)  Forces  may  be  represented  by  Lines.  —  The  unit  of 
force  has  been  defined  as  that  force  which  causes  an  acceleration 
of  one  metre  in  the  motion  of  the  unit  of  mass  each  second ;  and, 
further,  it  has  been  shown  that  the  product  of  the  mass  moved, 
by  the  acceleration,  is  the  number  of  units  of  force  to  which  any 
given  force  is  equivalent.  If,  then,  we  represent  the  unit  of 
force  by  a  line  one  centimetre  long,  any  other  force  will  be  repre- 
sented by  a  line  as  many  centimetres  long  as  the  number  which 
is  obtained  by  multiplying  the  mass  it  moves  by  the  acceleration 
it  imparts  each  second.  Moreover,  since  these  lines  may  be 
made  to  represent  the  directions  as  well  as  the  amounts  of  the 
forces,  the  problems  of  resolution  of  forces  may  be  reduced  to 
problems  of  geometry. 

(32.)  The  point  of  application  of  a  force  may  be  changed  to 
any  other  point  of  the  body  on  the  line  of  the  direction  of  the 
forcCy  without  altering  in  any  respect  the  action  of  the  force  on 
the  body  J  provided  only  that  the  two  points  are  immovably  united 

U^ether.  The  truth  of  this  proposition 
seems  almost  self-evident ;  for  it  amounts 
only  to  this,  —  that  a  given  force  acting 
in  the  direction  A  B  (Fig.  5)  will  pro- 
"*'  ^  duce  the  same  effect,  whether  it  is  applied 


OKNEBAL  PnOPEBTlSa  OF   MATTEB. 


3d 


in  pasliing  the  liodjr  forward  at  A,  or  in  pulling  U  forward  from 
B,  The  following  illustration  may  make  the  matter  still  clearer. 
Tit  will  asKumc  tbat  the  force  applied  at  A  is  equal  to  live  units 
f  force,  and  is  in  tlie  direction  A  B.  We  will  now  apply  two 
Ibrocs,  each  of  the  same  value  as  the  last,'  to  the  point  B ;  one  in 
a  direction  A  B,  and  the  otiier  in  the  direction  B  A,  as  we  cau 
ibvtmuly  do,  without  changing  the  condition  of  tlia  body.  The 
»n(i  of  these  forces  will,  by  the  axiom  of  (29),  exactly  couiiter- 
bahuioe  the  force  apfilicd  at  A,  and  we  shall  then  have  left  a 
force  of  five  units  applied  at  B,  and  acting  in  the  direction  A  B, 
producing  an  ctfuivalont  oScct  to  that  of  the  lirst  force. 

(S3.)  RrsuUant  of  Forces  in  the  same  Stra^hi  iiW.— The 

ultant  of  a  number  of  forces  acting  in  the  same  straight  line 

1  point  of  a  body,  is  obviously  equal  to  the  Bum  of  the  forces 

ting  in  one  direction  less  tlio  pum  of  the  forces  acting  in  the 

IppoMte  direction ;  and  tins  resultant  is  in  the  direction  of  the 

mt  sum.     If,  for  example,  we  have  three  forces  applied  to 

tho  point  A  (Fig.  5)  in  the  direction  AB,  equal  respectively  to 

4,  6,  and  7  luiits,  and  two  forces  in  the  opposite  direction  equal 

_U>  18  and  10  units,  thcu  the  resultant  force  will  be  equal   to 

1  + 6-}- 7)  —  (18  + 10)=— 11   units,   and,  as   the   nega- 

B  feign  indicates,  will  act  in  the  direction  B  A.     The  validity 

r  this  principle  follows  from  tho  fact,  that  each  force  acts  as  if 

!  tho  only  force  acting  (27).     As  was  shown  in  the  last 

ction,  it  ia  animportaut  whether  all  the   forces   are   applied 

\,  or  whetlicr  tliey  are  applied  at  different  points  along  the 

E  A  B. 

(34.)  Resultant  of  Forces  acting  in  diffcr- 
I  Direclioat,  but  applied  at  the  same  Point, 
r  Parailrhf^am  of  Forces.  —  Let  us  sup- 
1  that  we  have  two  forces,  F'  and  /■'", 
Jicd  to  the  point  A  (Fig.  I5)i  in  the  di- 
ctions Ab  and  Ab'  respectively,  and  let  us 
in)  what  will  be  their  resultant.  It  has 
idy  bt'on  proved,  that  two  forces  acting 
1  tli«  same  or  equal  mosses  of  mutter  are 
D  each  other  as  the  accelerations ;  or, 

F- :  F-  =  n' :  a". 

t  Ilierelbro  is  tme  in  regard  to  the  two 
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velocities  must  bo  true  relatively  in  regard  to  the  two  forces, 
so  that  if  we  can,  bj  any  method,  find  the  resultant  of  the  two 
velocities,  this  same  method  will  give  us  the  resultant  of  the  two 
forces.  Now  it  has  been  proved  (24),  that  the  resultant  of  two 
velocities  is  represented,  both  in  direction  and  amount,  by  the 
diagonal  of  a  parallelogram  whose  sides  represent  the  directions 
and  velocities  of  the  two  motions  ;  and  hence  it  follows,  that  the 
resultant  of  two  forces  is  representedy  both  in  direction  and  in- 
tensity j  by  the  diagonal  of  a  parallelogram  whose  sides  represent 
the  directions  and  intensities  of  the  component  forces.  The  re- 
sultant of  two  forces  can,  therefore,  always  be  found  by  a  very 
easy  geometrical  construction.  It  can  also  be  calculated  ;  for  we 
have,  by  a  well-known  principle  of  trigonometry,  from  Fig.  6, 


AC  =AEr  ^  BC  —2  AB  .BC  .iiosABC\ 

or,  smce  BAB'  =  180^  —ABCy  and  therefore  cos  il  5  C  = 
—  cos  B  A  B'y  we  have 


AC'=AB   +BC  +2AB  .  BC  cos  BAB'. 

Representing  the  'two  component  forces  by  jF'  and  F'\  their  re- 
sultant by  Fy  and  the  angle  between  the  components  by  a,  the 
last  equation  becomes 

F«  ==  F'*  +  F"«  +  2  F'  F"  cos  a.  [16.] 

In  many  cases  with  which  we  meet  in  nature,  the  directions  of  the 
two  components  make  a  right  angle ;  then  the  last  term  of  [14] 
disappears,  and  the  equation  becomes 

F«  =  F'«  +  F"«.  [17.] 

(35.)  Decomposition  of  Forces.  —  As  any  given  motion  may 
be  the  result  of  an  infinite  number  of  pairs  of  motions  (24),  so 
any  given  force  is  the  equivalent  of  an  infinite  number  of  pairs 
of  forces.  It  follows  from  what  has  been  proved  above,  that 
we  can  replace  a  given  force  acting  on  the  point  A  (Fig.  7),  and 
represented  in  direction  and  intensity  by  A  P,  by  the  two  forces 
represented  by  either  of  the  pairs  of  lines  A  B  and  AB'j  A  C 
and  AC  J  AD  and  AD^  AE  and  A  E'y  or  indeed  by  any  other 
pair  of  forces  which  can  be  represented  by  the  sides  of  a  par- 
allelogram, of  which  the  line  representing  the  given  force  is 
the   diagonal.     As  the  sides  of  a  parallelogram  may  have  any 
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utgnlar  position  whatsoever  with  reference  to  tho  diag^inal,  it 
follows  tlial  a  K'^'6"  f'^'^c  may  be  decomposed  into  two  others  in 
Koy  rwiuired  directions.     If,  then,  tliu  value  of  a,  force  in  units, 
•nd  two  directions,  are  given, 
tbo   Talue   in    units   of   two 
iponcuts   in   Diese    dircc- 
caii  always   be  found, 
ic  problem  can  be   solved 
itrically  thus.     Draw  a 
IC,  A  C  (Fig.  6),  as  many 
itimelres    long    as     there 
•re  units  in  tlie  given  forco. 
Draw  two  indefinite  lines,  A  b 
■nd  A  6',  in  the  required  di- 
rect! n  as,   making   the    given 

kiigles  with  A  C.      Finally,  draw  through   C  lines   parallel   to 

Jib  and  A  b'.     These  lines  will  intersect  the  first  at  the  points 

and  B'.  and  the  length  in  centimetres  of  vl  B  and  A  B'  thus 

ttvrminod  will  bo  the  values  in  units  of  the  required  forces. 

The  problem  can  also  be  solved  by  trigonometry.     Denote  the 

Talue  in  tmits  of  the  given  force  by  F,  and  those  of  the  required 

components  by  x  and  i/.     Denote  also  the  angles  which  x  and  y 

required  to  make  with  J'' by  a  and  ^  resjjectively.     In  tho 

AB  CfWe  have 

AB:  A  C=smACB:  sin  ABC; 
and  also,  ranee  AB'  =  B  C, 

AB' :  A  C=  sia  B  A  C:  sia  A  B  C. 
Sabotitnling  in  tlicse  proportions  the  equivalent  valnes  A  B=x, 
AB'  =  y,  BAC  =  a,  A  C B  =  ^,A  B  C==lSO° ~(^a-{- ^), 
U»cy  hecome 

:  sin  (a-|-j3),    and     y  :  F^sin  a  :  sin  («-|-|3). 


^^^ta  reqt 


i=F-^"-' 


("+!')' 


and 


'  ("  +  «■ 


[18.] 


lien  the  two  components  are  at  right  angles  to  each  otlter,  titen 
b  +  jS  =  90",  and 

z  =  Fmii  fi,    and     y  =  F  sin  a.  [19.] 
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The  decomposition  of  a  force  into  two  others  is  very  frequently 
applied  in  mechanics,  in  order  to  determine  the  action  of  a  force 
when  it  does  not  act  in  the  direction  in  which  its  point  of  appli- 
cation moves.    The  case  of  a  canal-boat  affords  an  illustration  of 

its  application.  The  power  is 
applied  to  the  boat  at  tlie 
point  A  (Fig.  8),  through  the 
cord  A  Cj  which  is  attached 
at  the  other  end  to  the  horses 
on  the  tow-path.  The  boat  is 
prevented  from  approaching 
the  bank  by  the  action  of  the  rudder,  and  can  only  move  in  the 
direction  A  a.  Knowing  the  force  exerted  in  the  direction  Afy 
and  the  angle  a,  it  is  required  to  find  tlie  effective  force  by  which 
the  boat  is  propelled.  Decompose  the  force  F  into  two  com- 
ponents, X  in  the  direction  A  a,  and  y  in  the  direction  A  b.  The 
last  force  is  balanced  by  the  resistance  of  the  water ;  but  the 
first,  acting  in  the  direction  of  least  resistance,  that  of  the  boat's 
length,  propels  it  through  the  water.  This  force,  or  re,  is  equal  to 
F  cos  a,  and  will  evidently  be  larger  as  the  value  of  a  is  smaller, 
or,  in  other  words,  as  the  towing-line  is  longer. 

It  follows,  from  what  has  been  said,  that  a  force  can  produce 
motion  in  any  direction  between  its  own  original  direction  and 
one  perpendicular  to  it.  It  cannot  produce  motion  in  a  direction 
perpendicular  to  itself,  because,  as  can  be  easily  deduced  from 
[18],  the  perpendicular  resultant  would  in  such  a  case  be  equal 
to  zero. 

In  general,  when  the  point  of  application  is  made  to  move  in 
a  different  direction  from  tliat  of  the  force  applied  to  it,  tlie  effect 
of  this  force  is  determined  by  resolving  the  force  into  two  others : 
one  in  the  new  direction,  which  represents  the  effect  sought ;  tlie 
other  perpendicular  to  it,  which  is  destroyed  by  the  resistance  to 
the  motion  in  that  direction. 

(36.)  Composition  of  several  Forces  actings  in  different  Di- 
rections, —  The  course  of  reasoning  used  above,  in  regard  to 
the  composition  of  two  forces,  applies  equally  to  the  composi- 
tion of  any  number  of  forces  acting  on  the  same  point.  Hence, 
the  resultant  of  several  forces  can  be  found  in  the  same  way  as 
the  resultant  of  several  motions  (24).  Let  us  suppose,  for  ex- 
ample, that  the  forces  acting  on  the  point   O  (Fig,  9)   are 
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tTepresented  both  in  direction  and  amount  by  the  lines  O  A,  OS, 

I  0  C,  and  O  D.     We  can  find  tlicir  resultant  in  the  following 

I  manner.     We  first   seek  the  resnkant,  O  r,  oi  0  A  and  O  B. 

I  Tlie  force  represented  by  this  line 

I  being  in  all  respects  equivalent  to 

L  its   two   components,  we  can  com- 

[  bine  it  vitli  O  C  and  obtain  a  see- 

L  oud   resultant,   O  r'.     This   rcsult- 

[  But,  combined  with  the  laist  force, 

L  OD,  will  give  us  the  final  resultant 

(  of  all  the  forces. 

The  trigonometrical   formulse   of 

1,(85)  can  easily  be  appUed  by  the 

'  itadent,  in  solring  proljlems  on  the  t-;^.  g 

composition  of  several  forces. 

(37.)  ComposilioH  of  Parallel  Forces.  —  We  will  consider,  in 
the  first  place,  the  case  where  there  are  but  two  parallel  forces, 
^m  F'  and  F".  Let  A  and  B  (Figs.  10,  11)  be  the  points  of  appli- 
^^K  cation  of  these  forces,  which  are  immovably  united.  Join  these 
^^K  points  by  the  lino  A  B.  Draw  the  parallel  lines  A  P  and  B  Q, 
^^1  80  as  to  represent  the  direction  and  intensities  of  the  two  forces 
^^L  f  and  F' ,  respectively.  In  Fig.  10,  the  forces  are  supposed  to 
^^Kact  ill  the  same  direction,  and  in  Fig.  11  in  opjwsito  directions. 
^^K-The  figures  have  been  so  lettered,  that  the  following  demoustro- 
^^K^u  applies  equally  to  both  cases.  We  wish  to  find  tlie  direc- 
^^P^tion,  the  intensity,  and  the  paint  of  opplication  of  a  single  force, 
F,  which  would  be  equivalent  to  the  two  forces  F'  and  F". 


1 


P%.  10.  Fig.  11. 

Apply  to  the  points  A  and  B,  and  in  the  direction  of  the  line 

luiiting  them,  two  equal  and  opposite  forces,/'  and/",  which  we 

L-lrill  represent  by  drawing  A  S  =/,  and  B  S  =/".     As  these 

forces  exactly  balance  each  other,  they  cannot  change  the  re- 
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locity  or  the  direction  of  the  motion  resulting  from  tlie  parallel 
forces  F'  and  F'\  and  hence  will  not  atfcct  our  demonstration. 
Tlio  lino  A  r,  found  hy  completing  the  parallelogram  ^-l  S  r  P, 


evidently  represents  the  direction  and  intensity  of  the  resultant 
of  the  two  forces  F'  and  /',  ftiid  the  line  B  I  the  direction  and 
intensity  of  the  resultant  of  tlie  two  forces  F"  and/".  Produce 
these  lines  until  they  cross,  at  a  point  m.  By  (32)  it  follows 
that  the  effect  of  tlicse  resultante  is  the  same  as  if  they  wcro  both 
applied  directly  to  the  point  m,  in  the  directions  m  A  and  m  B. 
We  can  now  decompose  each  of  these  resultants,  at  the  point  tn, 
into  two  components  parallel,  and  hence  also  equal,  to  the  origi- 
nal forces  F'  and/',  F"  and/".  The  two  comjjonents  parallel 
and  equal  to  -4  S  anil  B  S  will  be  applied  to  the  point  m  in  op- 
poMte  directions;  and  since,  by  construction,  ^  S  is  equal  to 
B  S,  these  two  components  must  also  be  equal,  and  will  thcrufore 
neutralize  each  other.  The  two  components  parallel  and  equal 
to  A  Paiid  B  Q  will  also  both  be  applied  at  the  point  m.  In 
Fig.  10,  where  the  original  forces  were  in  the  same  direction,  tho 
two  componeuls  will  be  iu'the  same  direction,  and  will  conspire 
to  move  the  point  m  in  the  direction  m  C.  In  Fig.  It,  where 
the  original  forces  were  in  opposite  directions,  the  two  compo- 
nents will  be  in  opposite  directions,  and  will  tend  to  move  the 
point  m  in  the  direction  of  the  greater  component  with  a  force 
equal  to  their  difference.  Hence,  tho  final  resultant  will  be  a 
foi-ce  in  tlie  direction  hi.  C,  parallel  to  the  original  forces,  in  the 
one  case  equal  to  their  sum,  and  in  the  other  to  their  difforeuee, 
1110  point  of  application  of  this  force  may  obviously  be  trnnsfernsd 
to  the  point  C,  without  altering  the  conditions  of  its  action. 

To  find  the  jiosition  of  the  point  C  By  construction,  the  sides 
of  the  triangle  A  Pr  are  parallel  to  those  of  the  triangle  m  CA^ 
and  likewise  the  eides  uf  the  triangle  B  Qt  arc  parallel  tu  those 
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of  fhe  triangle  m  C  Bj  and  hence  their  homologous  sides  are  pro- 
~ ;  so  tliat  we  have  the  proportions. 


AC:mC=rP:APj    and    B  C :  m  C  =z  t  Q:  B  Q. 
^e  harcy  by  construction, 

TPT^AS=tq  =  BS=f\    AP^F\    and    BQ  =  F*'; 
heiiee,  bj  substitution, 

ACzm  C=f'  :  JP',    and    BC.m  C=f'  :  JP"; 

mC=ACj,  =  BCjr,,    or    il  Cx  JP'=  J5  C7x  JP"; 

or, 

AC',  BC  =  F":  F'.  [20.] 

Hence  it  appears  that,  when  the  two  forces  have  the  same  direc- 
tion, as  in  Fig.  10,  the  point  of  application,  C,  of  the  resultant 
force  divides  the  straight  line  A  Bj  which  joins  the  points  of  ap- 
plication of  the  components,  into  two  parts,  which  are  inversely 
proportional  to  the  amounts  of  the  given  forces.  When,  on  the 
other  hand,  the  forces  are  in  opposite  directions,  as  in  Fig.  11, 
the  point  of  application  of  the  resultant  is  still  on  the  same  line, 
but  beyond  the  point  of  application  of  the  larger  of  the  compo- 
nents, and  at  distances  from  the  points  A  and  B,  which  are,  as 
before,  inversely  proportional  to  the  intensities  of  the  two  forces. 
Our  general  result,  then,  is  the  following :  — 

I.  In  regard  to  the  resultant  of  two  parallel  forces  acting  in 
the  same  direction.  1.  The  intensity  of  this  resultant  is  equal 
to  the  sum  of  the  intensities  of  its  components,  2.  The  direc- 
tion is  the  same  as  the  common  direction  of  the  components. 
3.  The  point  of  application  divides  the  line  joining-  the  points  of 
application  of  the  components  into  two  parts ,  which  are  inversely 
proportional  to  the  intensities  of  the  forces, 

U.  In  regard  to  the  resultant  of  two  parallel  forces  acting  in 
opposite  directions.  1.  The  intensity  of  this  resultant  is  equal 
to  the  difference  of  the  intensities  of  its  components,  2.  The 
direction  is  the  same  as  that  of  the  larger  component,  3.  The 
point  of  application  is  on  the  line  joining  the  points  of  applica- 
tion of  the  components^  produced  beyond  the  point  of  application 
of  the  larger  of  the  twoj  and  is  at  distances  from  these  points 
which  are  inversely  proportional  to  the  intensities  of  the  given 
forces. 
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It  follows,  from  tlie  nature  of  a  resultant  forco,  that  a  Ibrcfl 
ap{illed  at  C,  Figs.  10,  11,  which  is  equal  and  opposite  to  tlio  re- 
sultant of  the  two  forces  J^and  F',  ought  exactly  to  balaiico  this 
resultant.  Tliis  obvious  truth  will  enable  us  to  put  the  validity 
of  our  conclusions  to  the  test  of  experiment.  The  esperiiueat 
maybe  arrangi^d  as  in  Fig.  12.  jPandP'  are  two  points  a|j 
tlio  ends,  for  example, 
a  wooden  rod.  To  thi 
points  are  attached  coi 
wliich,  passing  over  the 
pulleys  M  and  M\  are 
tached  to  the  two  weighta 
A  and  A'.  A  third  weight, 
R,  is  suspended  by  means 
of  a  looped  cord  to  the  rod, 
so  that  its  position  can  be 
easily  shifted.  In  this  ex- 
periment the  weighta 
respond  to  the  forces  F' 
F"  of  Fig,  10,  while  the  cords  indicate  the  directions  lu  wWi 
the  forces  act.  By  varying  tho  amount  of  the  weights,  and 
the  position  of  the  weight  R  on  the  rod,  it  will  be  found  that 
equilibrium  can  be  maintamed  only  when  the  conditions  above 
stated  are  fulfilled.  Thus,  if  tho  weight  R  be  20  grammes, 
Uie  sura  of  tho  weights  A  and  A'  must  also  bo  20  grammes.  If 
A'  \s  equal  to  12  gramiues,  then  A  must  equal  8,  and  the  position 
of  the  loop  on  the  rod  must  bo  such,  that  O  P'  shall  be  to  OP 
as  8  is  to  12.  If,  then,  the  distance  P  P'  is  equal  to  20  0.  m., 
tlie  distance  P  O  will  be  12  c.  m.,  and  P'  O  will  bo  8  cm. 

This  same  cspcriment  also  illustrates  tho  case  represented  in 
Fig.  11,  where  tho  two  components  are  acting  in  opposite  direc- 
tions ;  for,  as  the  system  of  weights  is  in  equilibrium,  it  follows 
that  the  force  exerted  by  any  one  may  be  regarded  as  equal  in 
intensity  to  the  resultant  of  the  other  two;  this  resultant,  how- 
ever, acting  in  tho  opposite  direction  to  the  force  oscrtod  by  the 
weight.  Hence,  wo  may  consider  tho  forces  exerted  at  the  points 
O  and  P'  to  be  the  components  of  a  force  equal  to  tliat  exerted 
by  the  weight  at  P,  but  in  a  direction  opposite  to  PM.  Taking 
the  values  of  the  weights  when  the  system  is  in  equilibrium,  as 
given  above,  it  is  endent  tliat  the  amount  of  the  resultant,  and 
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the  position  of  its  point  of  application,  Sj  are  the  same  as  would 
be  found  by  the  rule ;  for,  in  the  first  place,  the  weight  A  is 
equal  to  the  difference  of  the  two  weights  R  and  A,  and,  in  the 
second  place,  tlie  distances  P  O  and  P  P  are  inversely  propor- 
tional to  the  values  of  the  two  weights  R  and  A'. 

(38.)  Couples.  —  When  tlie  two  parallel  forces  are  exerted  in 
opposite  directions,  tliere  is  one  set  of  conditions  which  presents 
a  case  of  peculiar  interest ;  and  that  is,  when  the  two  compo- 
nents are  equal.  In  this  case,  the  value  of  the  resultant  is  evi- 
dently equal  to  zero ;  and,  moreover,  the  point  of  application  is 
at  an  infinite  distance  from  the  points  of  application  of  the  two 
equal  components.  The  last  fact  follows  from  the  proportion 
[20],  AC:  B  C=^F"  :  F'.  This,  by  the  theory  of  proportions, 
may  be  written, 

AC—BC:  F"  —  F'  =  ACiF"  =  BCiF'\ 

or,  substituting  (see  Fig.  1V)AB=:A  C—  BC,bxiAF= F"— JP', 

ABiF=ACi  F"  =  BCi  F'. 

'^C  =  ^^-^',    and     BC=^^^.      [21.] 

When  the  two  components  are  equal,  the  resultant  i^  ==  0, 
and  both  the  distances  A  C  and  B  C  become  equal  to  infin- 
ity. In  this  case,  therefore,  there  is  no  single  resultant,  and 
therefore  no  tendency  to  produce  in  a  body  any  progressive  mo- 
tion. Such  a  system  of  forces  is  termed  a  couple  ^  and  its  ten- 
dency is  to  make  the  body  rotate.  The  theory  of  couples  is  of 
great  importance  in  mechanics ;  but  as  we  shall  not  have  occasion 
to  apply  it  in  this  work,  we  shall  not  dwell  upon  it. 

(39.)  Composition  of  several  Parallel  Forces.  —  We  can  evi- 
dently find  the  resultant  of  several  parallel  forces,  by  combining 
tliem  two  by  two,  as  in  the  case  of  forces 
acting  in  different  directions.  In  Fig. 
13,  the  points  m,  m\  w",  and  m'"  are  the 
points  of  application  of  the  parallel 
forces  F,  F',  F",  and  F'",  all  acting 
in  the  same  direction.  In  order  to  find 
a  common  resultant,  we  first  combine 
F  with  F' ;  let  o  be  the  point  of  appli- 
cation of  the  first  resultant.    We  next 
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combine  the  first  resultant  with  F"y  and  let  o'  be  the  point  of 
application  of  the  second  resultant.  Lastly,  we  combine  the 
second  resultant  with  F"\  and  we  shall  then  find  a  final  result- 
ant of  all  the  forces.  This  is  evidently  equal  in  amount  to  the 
sum  of  all  the  components,  and  its  point  of  application  will  be 
on  the  line  o'  m'"^  at  an  intermediate  position  between  the  two 
points,  which  may  be  determined  by  means  of  the  proportions 
given  above. 

Where  all  the  parallel  components  are  not  in  the  same  direo> 
tion,  we  combine  each  set  separately,  and  thus  obtain  two  partial 
resultants,  acting  in  opposite  directions.  If  these  are  equal,  we 
shall  have  a  couple^  and  no  final  resultant.  If  they  are  not 
equal,  we  can  find  a  resultant  by  the  method  already  described. 

(40.)  Centre  of  Parallel  Forces.  —  By  referring  to  Pigs.  10, 
11,  and  the  demonstration  following,  it  will  be  seen  that  the 
position  of  the  point  C  does  not  depend  on  the  common  direction 
of  the  forces  represented  hy  AP  and  B  Q,  but  only  on  their  rel- 
ative intensities.  If  we  suppose  these  components  to  revolve 
round  their  points  of  application,  A  and  B,  the  resultant  will 
still  pass  through  C  in  any  position  they  may  assimie,  provided 
only  that  they  remain  parallel.  Moreover,  it  will  be  seen  that 
the  point  of  application  of  the  resultant,  which  we  transferred  for 
convenience  from  m  to  C,  may  be  at  any  point  on  the  Ihie  of  its 
direction.  In  other  words,  it  is  not  fixed  by  the  conditions  of  the 
problem,  except  so  far  as  this,  that  it  must  be  on  the  line  m  C  R. 
It  follows,  then,  that  if,  in  the  system  of  parallel  forces  of  Fig.  IS, 
we  suppose  the  components  to  revolve  about  their  points  of  ap- 
plication, their  resultants  will  always  pass  through  the  point  Oy 
provided  only  that  they  remain  parallel.  In  Pig.  14,  all  the 
components  have  been  revolved  through  an  angle  equal  to 
P*  G  P.  The  direction  of  the  resultant 
has  changed  from  P'G  to  P  G,  but  it  still 
passes  through  the  point  G.  In  the  posi- 
tion of  the  components  represented  by 
Pig.  13,  the  point  of  application  may  be 
at  any  point  of  the  body  on  the  line  G  P 
which  corresponds  to  the  line  G  P'  of 
Pig.  14.  In  the  second  position  of  the 
components  in  Pig.  14,  it  may  be  at  any 
point  on  the  line  G  P.    The  point  Gj  in 
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irhich  all  the  successive  directions  of  the  resultant  intersect  when 
its  compouents  revolve  about  their  points  of  application,  is  called 
the  centre  of  parallel  forces.  It  follows,  from  this  definition, 
that  if  the  forces  remain  parallel,  and  their  points  of  appli- 
cation invariable,  this  system  of  points  may  be  turned  round 
the  centre  of  parallel  forces  without  changing  the  point  of  appli- 
cation of  the  resultant ;  so  that,  if  this  point  were  supported,  the 
system  would  remain  in  equilibrium  in  any  position  we  could 
give  it  in  turning  it  round  this  point. 

(41.)  Action  and  Reaction.  —  The  simplest  case  of  the  action 
of  one  body  iipon  another,  is  when  a  body  in  motion,  which  we 
may  call  i(f,  strikes  upon  another  at  rest,  which  may  be  termed 
3f '.  If  M'  is  free  to  move,  it  will  bo  put  in  motion  by  the  action 
of  Mj  and  in  any  case  the  reaction  of  M\  in  retarding  Jlf 's  mo- 
tion, will  be  precisely  equal  to  the  action  of  Min  communicating 
motion  to  JIf'.  This  principle,  which  is  a  necessary  result  of  the 
inertia  of  matter,  is  generally  expressed  thus  :  —  Action  and  re- 
action are  always  equal  and  opposite. 

The  changes  in  the  motion  and  in  the  moving  force  of  both 
bodies,  which  result  from  collision,  are  in  general  of  a  complicated 
kind,  and  depend  on  the  degree  of  elasticity  of  the  bodies,  their 
form,  mass,  and  other  circumstances.  To  simplify  the  question, 
we  shall  consider  the  bodies  as  completely  devoid  of  elasticity, 
and  so  constituted  that  after  the  collision  they  shall  move  as  one 
body.  Let  us  then  inquire  what  will  be  the  direction  and  velocity 
of  the  united  mass  after  the  impact. 

The  mass  Jlf',  being  previously  at  rest,  can  have  no  motion 
save  what  it  may  receive  from  the  mass  Mj  and  consequently 
must  move  in  tlie  same  direction  as  the  mass  M  moved  in  before 
the  collision.  Again,  since  bodies  cannot  generate  or  destroy 
motion  in  themselves,  it  follows  that  whatever  motion  the  mass 
M*  may  acquire  must  be  lost  by  the  mass  M;  and  also,  that  the 
total  momentum  of  the  united  masses  after  the  collision  must  be 
exactly  equal  to  the  momentum  of  the  mass  M  before  it.  If  t) 
and  b'  represent  the  velocities  before  and  after  impact,  then,  by 
(29),  ifcf  b  and  (-M"+  -M"')  t)'  represent  the  momentum  before 
and  after  impact ;  and  since  these  are  equal,  we  have 

Mb  =  (iM+M'}b',    whence     b'  =  by^^.      [22.] 

Let  us  next  suppose  that  the  two  bodies  are  both  moving,  and 
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in  the  same  direction  ;  tlio  mass  M  wilh  a  Telocity  ll,  and  the 
mass  M'  with  a  velocity  b',  less  tliaii  b.  ^Vhat  will  lio  the  com- 
mon velocity  aft«r  impact  ?  The  momenta  of  tho  two  bodies  are 
Mb  and  M'  V'.  Sidoo  these  motions  are  in  tlie  same  tlirectioti, 
they  cannot  bo  eitlier  diminished  or  increased  by  tlic  colUs- 
inn,  and  hence  the  niomentnni  of  the  united  bodies  will 
M  b  -f  M'  b'.  If,  then,  b"  be  the  unknown  Telocity  of 
united  masses,  we  have 
Jlf  b  +  3f'  b'  =  (ilf  +  M-)  b",  and  b"  =  -fe-j/^'-    [23.] 

Let  ns  now  suppoi^e  that  the  two  bodies  are  both  moving,  but 
in  opposite  directions,  and  that  tho  moracntnm  of  M  is  greater 
than  that  of  M'.  On  their  collision,  tho  momentum  of  M'  will 
destroy  just  so  much  of  tliat  of  M  as  is  equal  lo  its  own  amount ; 
for  it  is  evident  tliat  equal  and  opposite  momenta  must  dec 
each  other.  Tlic  momentum  left  after  collision  must,  tliere£$ 
equal  M  b  —  M'  b',  and,  using  b"  as  before,  wo  shall  har«  J 

Mb-M'b'  =  (iM+MOb",  and   b"  =  '^^-''j^^'.   [24.1 

In  the  last  case,  aa  in  the  first,  tho  reaction  of  the  mass  M* 
equal  to  the  action  of  tlie  mass  M.  The  action  of  the  mass  Jlf 
has  consisted,  lirst,  in  destroying  the  momentum  of  M',  equal  to 
M'  b'  i  second,  in  giving  to  it  tho  momentum  M'  b"-  The  total 
action  is  therefore  expressed  Ity  Jl/'  b  +  M'  b".  The  reaction  of 
M'  has  consisted,  first,  in  destroying  a  portion  of  the  momentum 
of  ilf,  equal  to  M'  b' ;  and  second,  in  subtracting  from  tha  r&- 
maindcr  of  the  momentum  of  31  the  amount  which  it  has 
the  collision,  or  ilf'  b".  The  total  reaction  is  therefore,  aa  befc 
M'  b'  +  M'  b '. 

We  will  now  suppose  tliat  the  two  masses  are  moving  in  dil 

cnt  directions  ;  M  in  the  di 

lion  .4  B,  Fig.  15,  witli  a  veli 
b.  ami  31'  in  the  direction  A' B; 
with  a  velocity  b'.  The  direo- 
tiiiii  of  tho  motion  after  collisiou, 
niid  the  momentum  of  the  united 
ni;i--s-os,  can  bo  easily  ascertained 
by  the  application  of  the  prin- 
ciple uf  [he  parallelogriuu  of 
forces    already   explained  (S3). 
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^^HM  tba  dbtancc  CD  reprcseiit  the  niomentiim  M  U,  and  tlia  dis-      ^^^H 
^^nce  C  I>  llic  mutD'sotum  W  ^',  mul  complete  the  parallelogram      ^^H 
^^^Dluiy.     I>rav   itH  diagonal  C E.     Tliis  diagonal  will  then      ^^| 
^^Bpntacnt  tlio  direction  of  tlio  common  motion  and  the  momen-       ^^^| 
^^Ln  of  the  oomhincd  masses,  which  is  equal  to  (itf -|-  M')  b".      ^^| 
^^Bd  find  the  Telocity,  it  will  be  necessary  to  divide  the  number       ^^H 
^■tpressod  hy  tlUs  diagonal  hy  the  sum  of  M  and  M'.                            ^H 
^^B  ir,  in  tlic  first  cose,  we  Eiippose  the  body  M',  at  rest,  to  he  in-        ^^| 
^^^bilely  lorgQi  ^s  compared  with  the  moviug  moss  M,  then  the        ^^^| 
^^Lluv  of  b*  [2-2]  bccomcH  0,  which  ehows  that  the  whole  momen-       ^^| 
^^Mm  is  destroyed.     This  is  practically  the  case  when  the  moving       ^^H 
^^ftftHi  impinges  against  a  fixed  obstacle,  which  is  either  very  much       ^^H 
^^■rgcr  tJian  itself,  or  which  is  fii-mly  fastened  to  the  earth.     The       ^^H 
^^■djr  mnst,  howcTer,  ho  supposed  to  strike  tlie  surface  of  the  ob<      ^^H 
^^Hd|^«n  a  direction  at  right  augles  to  this  surface.     Should  it       ^^H 
^^^^^^H^  Burfaco  at  an  obli<^ue  ajiglc,  we  may  have  a  difierent        ^^^| 
^^^^^^^Pliet  UB  suppose  an  unclostic  sphere  impinges  against  an        ^^H 
^^Ms&Tng  surface,  DBC.'m  ihc                                                            ^^ 

^Hrectwu   A  B,  with   a  velocity  ll 
^^^bd    a   momentum    M  U  ;     what 
^Kiold    U    the    result  ?      By   the 
^nriociple   of  the   parallelogram  of 
^^^roa,  the  momentum  J>f  1)  is  equiv- 
^Bjbnt  to  two  others,  one  in  the  di- 
^^Kction  A  D,  and  llie  other  in  the 
^HrecUon  D  B.    The  first  will  be 
^Kstroynl  at  the  impact ;    but  the 
^^HF  V  COS  a,  will  give  the  sphere  a  mot 
^^H  the  dii-cction  B  C.     In  the  figure 

^^bverer,  the  plane  D  B  C  oi  the  fig 
^^^  surface  at  the  pouit  of  contact. 

It   follows  from  the  al»ove  discua 

mcnium  in  a  mass,  M,  impinging  on 

ntH,  \s  always  proportional   to  its  % 

euiljr  ba  d«lucod  &om  [22],  is  equ 

^     MM' 

1  qaantity  wbow  value  is  evidently  p 
In  all  Uie  aboro  coses,  it  can  eas 

rig  18. 

second,  which  is   eiiual  If 
on  with  the  velocity  6  cos  a 
the  surface  is  a  plane,  bu 
red  surface  ;  in  such  cases 
ure  is  the  tangent  plane  tc 

ion,  that  the  loss   of  mO' 
another  mass,  M',  when  a 

clocity.    This  loBS,  as  can 

d  to 

■oportional  to  that  of  b. 
ly  be   shown   that  tlio  to- 
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action  of  the  body  M'  is  always  exactly  equal  and  opposite  to  the 
action  of  the  body  M.  The  same  is  also  true,  when  the  body  M 
acts  on  the  body  M'  through  the  forces  of  gravitation,  electri- 
city, magnetism,  etc.,  and  not  by  direct  impact.  A  needle,  for 
example,  attracts  a  magnet  with  exactly  the  same  force  with 
which  the  magnet  attracts  the  needle ;  and  were  both  free  to 
move,  the  magnet  would  move  towards  the  needle  as  well  as  the 
needle  towards  the  magnet.  It  is  also  true,  when  a  body  does  not 
strike,  but  merely  presses  against,  an  obstacle,  —  as,  for  example, 
when  a  weight  rests  on  a  table, — that  the  reaction  of  the  obstacle 
is  exactly  equal  to  the  pressure. 

(42.)  Power ^  or  Living  Force, — It  has  been  shown  (14),  that 
the  intensity  of  a  force  is  measured  by  ilf  t>.  In  the  case  of  a  loco- 
motive, for  example,  ilf  represents  the  whole  mass  of  the  locomo- 
tive and  train,  and  t)  the  acceleration  of  velocity  imparted  by  the 
moving  force  each  second.  Were  the  motion  not  retarded  by 
friction  and  other  causes,  its  velocity  would  increase  indefinitely, 
according  to  the  laws  of  uniformly  accelerated  motion  already  de- 
scribed. In  fact,  however,  with  a  given  force,  JP,  this  velocity  soon 
comes  to  a  maximum,  which  it  does  not  exceed ;  and  so  long  as  the 
force  and  the  resistance  do  not  vary,  the  train  moves  with  a  uni- 
form motion.  During  this  time  the  action  of  the  force  is  exactly 
balanced  by  the  resistance  arising  from  friction  and  other  causes, 
and  the  train  moves  in  virtue  of  the  momentum,  ilf  0,  previously 
acquired.  In  the  space  passed  over  by  the  train  each  second,  the 
counteracting  forces  just  neutralize  the  force  Fj  exerted  by  the 
moving  agent  during  the  same  period.  It  might  now  be  supposed, 
that,  if  this  force  were  suddenly  quadrupled,  so  as  to  equal  4  JP, 
the  velocity  would  again  increase  until  it  attained  to  four  times  its 
present  amount.  In  fact,  however,  its  velocity  rapidly  increases, 
but  only  to  twice  its  present  amount ;  and  then  it  is  found  that  the 
resistance  is  again  just  balanced  by  the  greater  force.  That  this 
must  be  the  case  can  be  seen  by  reflecting,  that,  with  a  double 
velocity,  the  moving  train  passes  over  double  the  space  each  sec- 
ond, and  therefore  encounters  twice  as  many  points  of  resistance. 
Moreover,  it  strikes  each  of  these  points  with  double  the  velocity, 
and  hence  meets  at  each  point  twice  the  resistance.  It  there- 
fore meets,  during  a  second,  twice  as  many  points  of  resist- 
ance, and  suffers  at  each  point  twice  as  much  resistance.  The 
resistance  during  a  second  is  thus  four  times  as  great  as  before, 


GENERAL  PEOPEBTIES  OF  MATTER.  53 

and  must  require  four  times  as  much  force  to  overcome  it.  In 
order  to  obtaiu  tliree  times  the  velocity,  it  would  be  necessary  to 
increase  bj  nine  times  the  force ;  and  in  general  the  force  re- 
quired will  bo  proportional  to  the  square  of  the  velocity  to  be 
attained.  What  is  true  of  the  motion  of  a  train  of  cars  is  true 
also  of  the  motion  of  a  steamboat,  and  indeed  of  all  motion 
irhatsoever  by  which  work  is  or  may  be  accomplished.  Hence 
the  ability  of  a  force  to  do  work  is  proportional,  not  to  the 
▼elocity,  but  to  the  square  of  the  velocity  which  it  imparts  to 
the  moving  body. 

The  space  passed  over  during  a  second  by  a  body  starting  from 
a  state  of  rest,  is  equal  to  |  n  [5].  The  intensity  of  the  force 
which  has  moved  it  over  this  space  is  equal  toMv  The  product 
of  the  intensity  of  the  force  by  the  space  passed  (the  number  of 
points  at  which  it  has  acted),  represents  the  work  accomplished 
by  the  force.  This  product,  equal  to  J  Jlf  u*,  was  named  by 
Leibnitz  vis  viva,  or  living'  force j  to  distinguish  it  from  force 
which  does  not  produce  motion,  but  only  pressure  ;  and  which  he 
named  dead  force.  A  discussion  was  excited  by  Leibnitz  on  this 
subject,  in  which  all  the  mathematicians  of  the  eighteenth  cen- 
tury took  part,  and  which  continued  for  more  than  forty  years; — 
one  party  claiming,  with  Leibnitz,  that  force  was  proportional  to 
the  square  of  the  velocity  ;  and  the  other,  that  it  was  propor- 
tional to  tlic  simple  velocity, —  the  first  party  measuring  force 
by  the  ri5  rira,  and  the  other  by  the  momentum.  As  not  unfre- 
quently  happens  in  such  cases,  both  parties  were  right ;  and  their 
two  opinions  were  harmonized  by  introducing  the  element  of 
time.  For,  as  we  have  seen,  the  living'  force  represents,  not 
the  intensity  of  the  force  at  any  instant,  which  is  always  meas- 
ured by  Mv^  but  the  work  which  the  force  will  accomplish  dur- 
ing a  second  of  time. 

It  represents,  in  other  words,  the  power  or  quantity  of  the  force, 
in  distinction  from  the  intensity  of  the  force.  The  intensity  of  a 
force  has  been  represented  by  F.  The  power  or  quantity  of  a 
force  may  be  denoted  by  P.     Hence, 

F=Mt,    and    P=^Mv'.  [25.] 

Tlie  word  force  is  generally  used  in  a  restricted  sense,  as  in  (29), 
to  denote  only  tlie  intensity  of  any  effort,  the  quantity  of  the  force 
exerted  being  called  power.     These  terms  will  be  adopted  n  *  " 
their  usual  sense  in  tliis  volume. 

5» 
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PROBLEMS. 

NoTB.  The  following  problems  should  be  solred  both  bj  geometrical  conttractioa 
and  bj  trigonometiyy  whenerer  both  methods  are  applicable. 

Measure  of  Farce. 

25.  A  mass  of  matter  equal  to  10  units  of  mass  receives  an  aooelenitioD 
from  a  given  force  of  5  metres.    What  is  the  intensity  of  the  force  ? 

26.  A  mass  of  matter  equal  to  7  units  of  mass  receives  an  accelera- 
tion from  a  given  force  of  9.8  metres.  What  is  the  intensity  of  the 
force? 

27.  A  mass  of  matter  equal  to  15  units  of  mass  receives  an  accelera- 
tion from  a  given  force  of  1.654  metres.  What  is  the  intensity  <^  the 
force  ? 

28.  A  mass  of  matter  equal  to  20  units  of  mass  receives  an  accelera- 
tion from  a  given  force  of  26.243  metres.    What  is  the  intensity  of  the 

force? 

MomerUum, 

29.  A  railroad  train  whose  mass  equals  1000  units  is  travelling  with 
a  velocity  of  50  kilometres  an  hour.  What  is  its  momentum  ?  How 
many  units  of  force  would  be  required  to  stop  the  train  in  ten  minutes, 
supposing  the  moving  power  to  cease  acting  ? 

30.  A  vessel  whose  mass  equals  120,000  units  is  moving  with  a  ve- 
locity of  2.25  metres.  What  is  its  momentum  ?  How  many  units  of 
force  would  be  required  to  stop  it  in  five  minutes,  supposing  the  moving 
power  to  cease  acting  ?  If  the  resistance  of  the  water  and  other  causes 
of  retardation  are  equivalent,  on  an  average,  to  a  force  of  900  units,  how 
soon  would  the  vessel  come  to  rest  after  the  moving  power  ceased  ? 

Compositifm  of  Forces. 

31.  Three  forces  are  acting  on  a  point  in  the  direction  A  By  equal  re- 
spectively to  20,  35,  and  70  units.  In  the  opposite  direction,  B  Ay  are 
acting  four  forces,  equal  respectively  to  10,  45,  15,  and  30  units.  What 
is  the  intensity,  and  what  the  direction,  of  the  resultant  ? 

32.  A  force  equal  to  1000  units  is  acting  on  a  point  in  the  direction 
BA.  What  is  the  intensity  of  each  of  two  components,  which  are  to 
each  other  as  3  :  5,  and  both  of  which  are  acting  in  the  same  direction  as 
the  resultant  ?  What  is  the  intensity  of  each  of  two  components,  one  of 
which  acts  in  the  direction  of  the  resultant  and  the  other  in  an  opposite 
direction,  and  which  are  to  each  other  in  the  relation  of  3  :  5  ? 

33.  It  is  required  to  resolve  a  force  equal  to  441  units  into  six  compo- 
nents, in  the  same  direction  as  the  resultant,  whose  intensities  shall  be  to 
each  other  as  1  :  2  :  2^  :  2*  :  2<  :  2*. 

34.  It  is  required  to  resolve  a  force  equal  to  44  units  into  six  oompo* 
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Three  of  these,  which  have  the  same  direction  as  the  resultant, 
are  to  eadi  other  as  1  :  3  :  5  ;  while  the  three  others,  which  have  an  op- 
posite direction,  are  to  each  other  as  1  :  2  :  3.  Moreover,  the  sum  of  the 
first  is  5.4  times  greater  than  the  sum  of  the  last 

95.  Two  forces  are  acting  at  right  angles  to  each  other  on  one  point 
The  fiutse  F'  ^  b  units,  and  the  force  F"  »  5  \/ s^  units.  Wliat  is 
the  intensity  of  the  resultant?  and  what  is  the  angle  which  its  direction 
makes  with  the  direction  of  F'  ? 

36.  Two  forces  acting  at  right  angles  on  one  point  are  equal,  F'  to  3 
oniti,  and  F"  to  4  units.  What  is  the  intensity  of  the  resultant  ?  and 
what  is  the  angle  which  its  direction  makes  with  the  direction  of  F'  ? 

37.  It  is  required  to  resolve  a  force,  jP  =>  100  units,  into  two  compo- 
nents, F*  and  F"j  making  with  F  the  angles  65^  and  25**  respectively. 
What  must  be  their  intensities  ? 

38.  It  is  required  to  resolve  a  force,  F  ^^  100  units,  into  two  compo- 
nents at  right  angles  to  each  other,  one  of  which  which  shall  be  equal  to 
30  units.  What  must  be  the  value  of  the  second  component  ?  and  what 
the  values  of  the  angles  which  both  components  make  with  the  resultant  ? 

39.  Two  forces,  each  equal  to  100  units,  act  on  one  point  The  angle 
made  by  the  directions  of  the  two  forces  equals  45^.  What  is  the  value 
of  the  resultant  ? 

40.  The  directions  of  two  forces,  F'  =  100  and  F"  =s  50,  acting  on 
one  point,  make  an  angle  of  145®.  What  is  the  value  of  the  resultant 
F  ?  and  what  are  the  angles  which  F  makes  with  F'  and  F"  ? 

41.  It  is  required  to  decompose  a  force,  F  =  125,  into  two  compo- 
nents, the  direction  of  each  of  which  shall  make,  with  the  direction  of  F^ 
an  angle  of  25®.     What  will  be  the  value  of  each  component  ? 

42.  It  is  required  to  resolve  a  force,  ^=  100,  into  two  components, 
F'  and  F",  whose  direction  shall  make,  with  the  direction  of  F^  the  an- 
gles of  10®  and  20®  respectively.  What  will  be  the  value  of  each  com- 
ponent? 

43.  Five  forces,  whose  directions  are  in  the  same  plane,  act  on  one 
point  The  intensities  of  the  forces,  and  the  angles  which  their  directions 
make  with  a  fixed  direction  passhig  through  the  point  of  application  in 
the  same  plane,  are  given  in  the  following  table :  — 


InUnAij  of  Uw  Foreet. 

iDcUnation  to  the  fixed  Direction. 

90 

50® 

100 

120® 

120 

170® 

50 

250® 

40 

290®. 

What  is  the  intensity  of  the  resultant  ?  and  what  is  the  angle  which  its 
direction  makes  with  the  fixed  direction  ? 
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44.  The  force  F  —  100  is  resolved  info  two  components,  F'  —«  100 
and  F"  ^=  150.  What  are  the  angles  which  the  directions  of  these  com- 
ponents make  with  the  direction  of  F  ?. 

45.  At  the  extremities  of  a  straight  line  44  c  m.  long,  two  parallel 
forces,  jP'  -B  15  and  F"  ^^ly  are  acting  in  the  same  direction.  What 
is  the  intensity  of  the  resultant  ?  and  what  is  the  position  of  the  centre  of 
the  two  forces  ? 

46.  At  the  extremities  of  a  straight  line  12  cm.  long,  two  parallel 
forces,  -F'  =■  19  and  F"  =■  13,  are  acting  in  opposite  dhrections.  What 
is  the  intensity  of  the  resultant  ?  and  what  is  the  position  of  the  centre  of 
the  two  forces  ? 

Action  and  Re<ict%on, 

47.  A  mass  Jf  >-■  20  units,  moving  with  a  velocity  of  5  m.,  meets 
a  second  mass  M'  a^  15  units,  which  is  at  rest  What  will  be  the  ve- 
locity of  the  combined  masses  afler  collision  ?  In  this  and  in  the  few 
succeeding  problems  the  masses  are  supposed  to  be  unelastic,  and  so 
constituted  that  afler  the  collision  they  will  move  on  together  as  one 
body. 

48.  A  mass  M*^  500  units,  moving  with  a  velocity  of  15  fh.,  strikes 
another  mass  M'  mm  50  units,  moving  with  a  velocity  of  10  m.  in  the 
same  direction.  What  will  be  the  velocity  of  the  combined  masses 
after  the  collision? 

49.  A  mass  ^ot  250  units,  moving  with  a  velocity  of  20  m.,  meets 
another  mass  M'  =  300  units,  moving  with  a  velocity  of  2  m.  in  the  op- 
posite direction.  AVhat  will  be  the  velocity  of  the  combined  masses  after 
the  collision  ? 

50.  A  mass  M^^  25  units,  moving  with  a  velocity  of  5  m.,  meets  an- 
other mass  3P  -«  30  units,  moving  with  a  velocity  of  2  m.  The  direc- 
tions of  the  two  motions  before  collision  make  with  each  other  an 
angle  of  75®.  What  will  be  the  velocity  of  the  combined  masses 
after  the  collision  ?  and  what  will  be  the  angle  made  by  the  direction 
of  the  resulting  motion  with  the  directions  of  the  two  motions  before 
collision  ? 

GRAVITATION. 

(43.)  Definition.  —  Wlien  bodies  near  the  surface  of  the  earth 
are  left  unsupported,  they  fall  to  the  ground ;  or,  if  supported, 
they  exert  a  downward  pressure,  which  we  term  their  weight. 
The  cause  of  these  phenomena  is  called  the  force  of  gravity. 
This  force  is  the  attraction  which  the  earth  exercises  upon  all 
bodies  on  or  near  its  surface,  and  is  only  a  particular  case  of  a 
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1  foreo  of  nature,  in  virtue  ofNchicli  all  bodies  in  the  uni- 

mne  Attract  cacli  other,  mill  a  force  dei*eiidiiig  on  thuir  uiosses 

•ltd  their  mutual  distances.     Astronomy  cxliibits  tlie  grandest 

Qxamplos  of  this  force,  in  tho  motions  of  tlic  lieavenly  bodies ;  but 

it  caa  also  be  sliowu  lliitt  the  same  force  acts  upon  tlie  smallest 

i  vf  inultii:r  with  vhicli  wo  cxiwriment  on  the  surface  of  the 

lobe.    Tho  existence  of  this  force  of  attraction  between  tlie  heav- 

ply  bodies  was  first  recognized  by  Newton,  who  discovered  ibe 

kw  which  it  obeys,  and  gave  to  it  the  name  of  Vnivenal  Gravi- 

In  tliia  work,  we  shall  only  have  occasion  to  study  those 

uoroona  of  gravitation  which  are  caused  by  the  attraction 

flitch  the  earth  exerts  for  bodies  on  or  near  its  surface.     Let  us 

inquire  what  is  the  direction,  what  the  point  of  application, 

nd  what  the  intensity  of  this  force.     Compare  (20). 

(44.)  Dirfclion  of  the  Earth's  AUracUon.  —  It  Jias  been 
teted  (27),  tliat  the  direction  of  a  force  is  tlie  direction  of  the 
lotion  which  it  causes,  or  the  direction  of  the  pressure  winch  it 
pterta.  When  bodies  fall  freely,  they  move  on  a  line  which,  if 
IXtendcd,  would  pass  through  a  varialile  point  near  tho  centre 
r  tlio  globe,  called  its  ccn(req/"a((mt7ton.  Hence,  tho  direction 
r  the  force  of  gravitation  is  that  of  a  line  Joining  tho  centre 
f  Attraction  of  tlie  earth  to  tlio  point  of  application  of  the  body. 
5  direction  is  given  by  a  plumb-line,  which  is  merely  a  small 
weight,  generally  of  lead,  suspended  by  a  light 

rand  flexible  thread  (Fig.  17).     When  the  weight 


tv  to  show 


tlius  freely  suspended  is  at  rest, 
that  ttie  pressure  exerted  by  the  force 
of  gravitetion  is  in  the  direction  of 
tho  line.  In  Fig.  18,  for  example, 
Uiis  pressure  must  be  iu  the  direc- 
tion A  C.  To  prove  this,  suppose  for 
a  moment  the  force  exerting  the  pres- 
sure were  in  any  other  direction,  as 
A  B ;  then  the  force  in  the  direction 
A  B  could  be  decomposed  Into  two 
COtdponcnts,  one  in  the  direction  A  C,  which  would 
be  neutralized  by  the  resistance  of  tliu  point  uf 
lension,  the  other  in  tlie  direction  A  J>,  which 
muld  cause  motion.     As  by  sup^iosltion  tlie  weight 


■  kt  nist,  it  follows  that  the  direction  of  tliu  pressure,  and  li<-nce 
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also  the  direction  of  the  force  of  gravitation,  must  be  that  of  the 
plumb-line. 

If  several  plumb-lines  be  placed  near  each  other,  it  will  be 
found  that  the  lines  when  at  rest  will  all  be  sensibly  parallel  to 
each  other ;  because  their  distances  apart  are  inconsiderable  in 
comparison  with  the  length  of  the  radius  of  the  earth.  Hence 
the  directions  of  the  forces  of  gravity  exerted  by  the  earth  on 
neighboring  bodies  are  parallel.  The  direction  of  the  plumb- 
line  at  any  place  is  called  the  vertical  direction^  and  the  di- 
rection perpendicular  to  this  the  horizontal  direction.  The 
surface  of  a  liquid  at  rest,  as  will  be  proved  hereafter,  is  always 
horizontal,  and  therefore  perpendicular  to  the  plumb-line. 

(45.)  Point  of  Application  of  the  EartVs  Attraction.  —  As 
every  particle  of  a  body  is  similarly  situated  towards  the  earth,  it 
follows  that  every  particle  must  be  equally  attracted,  and  that 
there  must  be  as  many  points  of  application  as  there  are  parti- 
cles of  the  body.  The  action  of  the  earth's  attraction  may  there- 
fore be  regarded  as  the  action  of  an  infinite  number  of  parallel 
and  equal  forces  on  as  many  distinct  points  of  application.  The 
resultant  of  these  forces  can  be  easily  found  by  extending  the 
method,  discussed  in  (39),  of  finding  the  resultant  of  several 
parallel  forces,  to  the  case  where  the  number  of  forces  is*  infinite. 
As  the  general  conclusions  of  (39)  are  independent  of  the  num- 
ber of  parallel  forces,  it  follows  that  the  direction  of  the  result- 
ant* of  the  forces  of  gravity,  acting  on  the  particles  of  a  body,  is 
parallel  to  the  common  direction  of  the  forces,  and  also  that  the 
intensity  of  the  resultant  is  equal  to  the  sum  of  the  intensities  of 
the  components. 

If,  for  example,  A  B  (Fig.  19)  represents  a  mass  of  matter, 
and  the  small  arrows  pointing  vertically  downwards  represent 
the  directions  of  the  gravitating  forces  acting  on  the  particles  com- 
posing such  mass,  then  it  follows,  from  what  has  been  explained, 
that  the  resultant  of  all  these  forces  will  have  a  direction,  X)  JS, 
parallel  to  their  common  direction,  and  will  have  an  intensity 
equal  to  their  sum.  The  position  of  this  resultant  remains  yet  to 
be  determined.  The  principles  of  mathematics  enable  us,  in  many 
cases,  to  combine  together  the  forces  acting  on  all  the  particles 
of  a  body,  by  extending  the  method  used  in  (39),  Fig.  13,  and 
thus  to  calculate  the  exact  position  of  the  resultant ;  but  its  posi- 
tion can  in  most  cases  be  determined  more  readily  by  experi- 
ment. 
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11,  ia  Fig.  19,  wo  rappose  tliat  tho  line  represented  by  tbc  large 
arrow  U  llw  direction  uf  tbe  rosultant,  it  is  evldtiut  llmt,  if  any 
point,  aucb  as  C\  ou  tliat  line,  is  EUpported,  tlio 
Unjj  irill  rt'tnuin  at  rest ;  buvauso  the  resultant 
of  bII  llm  f»rc«3  acting  upon  the  body  having  tho 
Erection  D  E,  will  be  espeudcd  iji  prcssuiu  on 
)  lixcd  point  C  It  ia  not  essential  tliat  tho 
»int  of  support  should  be  in  tho  body,  for  tlio 
)  would  be  true  fur  any  point  ill  llio  dircc- 
x  iit  five  arrow  D  E.  If,  for  example,  D  were 
,  from  which  the  body  waa  suspended  by 
k  thread  attached  to  tbe  body  at  any  point  In  the 
i  D  C,  then  tho  body  would  still  remain  at 
;  fur,  as  before,  tbe  rcsidtant  having  the  direelion  D  E  would 
e  expanded  in  pressure  on  tbe  pin  at  D.  It  would  i>e  dilTercut, 
lowcrer,  with  a  point  of  supjiort  not  in  tlie  dii'ection  of  the  arrow, 
nch  as  P.  If  the  body  be  connected  with  this  point  by  a  string 
Ituchol  at  C,  it  will  no  lougt^r  remain  at  rest ;  for  tho  resultant 
^  E,  acting  at  the  point  C,  can  he  decomposed  hito  two  compo- 
-tlie  first  iu  the  direction  of  C if,  which  would  be  ex- 
etided  in  pressure  on  the  point  P,  and  the  second  iu  the  direction 
[?/,  which  would  move  tlie  body  towai-da  tbe  vortical  line.  It 
lows,  therefore,  that,  if  a  body  be  supported  by  a  fixed  point, 
t  cannot  remain  at  rest,  unless  the  resultant  of  all  tho  parallel 
s  which  gravity  exerts  ui<on  its  particles  passes  through  that 
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i  Thia  fact  gives  xia  tho  mcsins  of  ascertaining  experimentally 

Be  position  of  the  resulUnt  uf  the  parallel  foreos  which  gravity 

BerU  upon  the  ijartielea  of  a  body.     Wo  have 

^  to  suspend  it  hy  a  string  attached  to  any 

uiul  of  the  body,  and  tbc  direction  which  the 

;  assumes  will  be  the  direction  of  tho  ro- 

it  of  the  forces  of  gravity  when  the  body 

1  that  position.     In  Fig.  20,  for  example,  the 

ttltaiit  of  the  forces  which  gravity  escrta  upon 

0  particles  of  the  chair  is  tbe  line  A  B,  when 
B  cliuir  is  in  tlio  position  i-cpresentcd  in  tbe 

If   we    attach   tho   string   to   anotlier 
loint,  tbe  chair  will  take  another  position,  and 

1  resultant  will  also  change  its  position  to  tho 
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line  CD,  Pig.  21.     We  should  find,  by  experiment,   that  for 
every  point  of  suspension  there  would  be  a  different  position  of 

the  chair,  and  also  a  different  position  of 
the  resultant. 

When,  in  any  given  position  of  a  body, 
we  have  determined  the  position  of  the 
resultant  of  the  forces  of  gravity,  we  have 
also  determined  a  line  on  which  the  point 
of  application  of  the  earth's  attraction  must 
be ;  because,  by  (32),  this  point  may  be 
any  point  on  the  line  of  the  resultant.  The 
position  of  the  line,  however,  will  depend 
on  the  position  of  the  body ;  and  there- 
21  ^^^^y  ^'^  order  to  determine  it,  the  position 

of  the  body  must  be  given. 
(46.)  Centre  of  Gravity.  —  When  a  body  is  turned  round  in 
any  direction,  it  is  easy  to  see  that  the  lines  of  direction  of  the  par- 
allel forces,  which  gravity  exerts  on  its  particles,  revolve  about 
their  points  of  application,  retaining  their  parallelism.  Hence  it 
follows,  from  (40),  that,  in  any  position  which  the  body  may  as- 
sume, the  resultant  of  these  forces  will  always  pass  through  the 
same  point.  This  common  point  of  intersection  of  tlie  resultants 
of  the  forces  of  gravity,  in  any  position  which  the  body  may  as- 
sume, is  termed  the  centre  of  gravity.  This  point  has  several 
important  relations,  which  we  will  now  consider. 

The  centre  of  gravity  may  alioays  be  regarded  as  the  point 
of  application  of  the  resultant  of  the  forces  which  gravity  exerts 
upon  the  particles  of  a  body,  because  it  has  been  proved,  first, 
tliat  the  point  of  application  may  be  any  point  on  the  line  of  the 
resultant ;  secondly,  that  the  centre  of  gravity  is  a  point  common 
to  all  the  resultants. 

When  the  centre  of  gravity  is  supported^  the  body  remains  at 
rest.  If  the  centre  of  gravity  be  supported  on  a  point  or  axis, 
and  the  body  is  free  to  turn  round  such  axis,  the  body  will  re- 
main at  rest  in  any  position  in  which  it  can  be  placed.  This 
result  follows  necessarily  from  the  last ;  for,  as  the  point  of  appli- 
cation of  the  resultant  is  fixed,  the  whole  intensity  of  the  forces 
of  gravity  must  be  expended  in  pressure  against  this  point. 

The  whole  attractive  force  exerted  by  a  mass  of  matter  may 
be  regarded  as  emanating  from  its  centre  of  gravity.     The  prin- 
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ciple,  that  action  and  reaction  are  always  equal  and  opposite, 
a]^lie8  to  the  attraction  of  gravity  exerted  hy  one  mass  of  matter 
oyer  another.  The  earth  is  attracted,  by  a  body  near  its  surface, 
with  a  force  exactly  equal  to  the  attraction  exerted  by  the  earth 
on  this  body.  Now,  since  the  attraction  of  the  body  must  be 
equal  and  opposite  to  that  of  the  earth,  it  follows  that  the  re- 
sultant of  the  force  must  be  on  the  same  line  with  the  centre  of 
grayity,  and  hence  may  always  bo  regarded  as  emanating  from 
it.  Hence,  also,  the  attraction  of  the  earth  may  be  regarded  as 
emanating  from  some  one  point,  which  is  not,  however,  the 
same  as  the  centre  of  its  figure,  and,  moreover,  it  is  variable. 

A  singular  result  follows  from  the  principle  of  reaction  above 
stated,  since  it  must  be,  when  a  body  falls  to  the  ground,  that 
the  earth  must  rise  to  meet  the  body,  —  and  this  is  true  ;  but  tbo 
extent  of  tlie  motion  of  the  earth  is  as  much  less  than  that  of 
the  body,  as  the  mass  of  the  earth  is  greater  than  the  mass  of  the 
body.  Representing  by  m  the  mass  of  the  body,  we  have  for  the 
intensity  of  the  earth's  attraction  m  v  ;  and  representing  by  M 
the  mass  of  the  earth,  we  have  for  the  intensity  of  the  body's  at- 
traction for  tlie  earth  M  t>* ;  and  since  these  are  equal,  we  have 

fnv  =  Mi)'j    or    v' :  v  =  vi  :  31; 

that  is,  the  velocity  acquired  by  the  earth  at  the  end  of  one  sec- 
ond is  as  much  less  than  that  acquired  by  the  body,  as  the  mass 
of  the  body  is  less  than  that  of  the  earth. 

(47.)  Position  of  the  Centre  of  Gravity.  —  For  the  methods 
of  calculating  the  position  of  the  centre  of  gravity,  we  must  refer 
the  student  to  works  on  Mechanics,  since  these  methods  depend 
on  the  principles  of  the  higher  mathematics.  The  position  of 
the  centre  of  gravity  can  be  found  experimentally  by  suspending 
the  body  by  a  cord  from  two  points  successively,  as  represented 
in  Figs.  20,  21.  The  point  where  the  line  of  the  cord  produced 
in  one  position  intersects  the  line  of  the  cord  produced  in  the 
second,  is,  by  (46),  the  centre  of  gravity.  It  can  thus  be  proved, 
that,  when  a  homogeneous  body  has  a  regular  form,  the  centre  of 
gravity  is  at  the  centre  of  the  figure.  This  is  the  case  with  the 
sphere,  the  cube,  the  octahedron,  and  the  other  regular  solids  of 
geometry.  So  also,  when  a  homogeneous  body  has  a  symmetrical 
axis,  the  centre  of  gravity  will  be  a  point  of  this  axis.  Thus,  in 
a  cone,  the  centre  of  gravity  is  in  the  axis  of  the  cone,  and  it  car 
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easily  bo  Been  that,  if  a  cone  bo  suspended  hy  a  striti^  (Vom  its 
apes,  the  direction  of  tlio  Una  of  eUBpensiou  would  coiacido  with 
the  dirccti«^in  of  tho  axis  of  tbe  cone  ;  because,  as  the  mutter  is 
uniformly  distributed  round  tbiii  axis,  tbe  )^avity  of  its  particles, 
acting  equally  on  every  Eidc,  will  have  no  tendency  to  move  it 
■when  in  this  position. 

The  centre  of  gravity  is  not  necessarily  in  the  Irody.  Thus, 
the  coutro  nf  gravity  of  a  hoop  is  at  its  centre,  and  tho  cou- 
trc  of  gravity  of  a  hollow  sphere,  an  empty  box,  or  a  cask,  is 
within  it. 

Tho  centre  of  gravity  of  two  separate  and  independent  bodicss 
immovably  united  la  a  point  between  thorn.  This  point  can  be 
Tory  easily  determined  mathematically,  from  principles  already 
established. 

Let  A  and  B,  Fig-  22,  be  tho  two  bodies,  and  let  a  and  b  be  their 
centres  of  gravily.  Connect  the  two  by  a  lino.  From  what  has 
been  said,  it  follows  that  the 
attraction  of  tho  earth  on  thia 
nystem  may  be  regarded  as  tho 
action  of  two  parallel  forces  at 
a  anil  b.  Hence,  the  point  of 
^  application  of  tlie  resultant,  tbe 

centre  of  graviiy  of  tho  system,  mus-t  bo  on  the  line  a  b,  and 
must  divide  tho  lino  into  two  parts,  which  are  inversely  pro- 
portional to  the  intensities  of  the  forces.  It  will  be  shown  In 
(4i))  that  the  two  forces  are  proportional  to  the  masses,  oad 
hence  the  centre  of  gravity  must  divide  the  line  ab  iuto^^H 
parts  which  are  inversely  proportional  to  tho  masses  of  tlM^^H 
bodies  A  and  B.  j^| 

(48.)  Sttible,  Urulabk,  and  Neutral  Equilibrium.  —  It  is  ft 
necessary  consequence  of  what  has  been  said,  that  tlie  contro  of 
gravity  of  a  body  has  always  a  tendency  to  move  into  the  lowest 
position  of  which  tho  conditions  will  admit.  Hcnco,  if  the  body 
is  supported  at  only  one  point,  it  cannot  remain  at  rest,  unless 
this  jKjint  of  support  is  either  at  the  centre  of  grovity  or  is  in  the 
same  vertical  with  it.  If  the  centre  of  gravity  is  below  tho 
point  of  snpiwrt,  the  body  is  in  a  stable  equilibrium ;  bocauso, 
if  by  any  means  the  centre  is  displaced,  tho  force  of  gravity  » 
tend  to  restore  it  to  its  original  position.  If,  however,  tho  c 
of  gravity  is  above  tho  point  of  support,  tho  body  will  be  i 
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utabU  equilibrium  ;  for  ilio  slightest  dkpIoceniciU  vrill  rcuiovo 
e  cettlro  out  of  the  vcrllcnl,  aiitl  it  will  then  juovo  to  the  lowest 
utiblu  puation.  The  chair  suspended  by  a  striug  in  Fig,  20  is 
t  a  ktahio  equilibrium,  bocauHO  tUo  centre  of  graWty  is  hclov 
h  point  of  support.  The  sumo  choir  could,  vith  great  care,  be 
litKcvd  ou  tlie  end  of  one  of  its  legs,  but  its  equilibrium  vould 
1  be  un»ta))lo ;  because  the  centre  of  gravity  would  be  above 
a  poiut  of  BU]i[)orl,  and  the  slightest  displacomcot  of  tlio  centre 
r  gnivity  would  cause  the  chair  to  full, 

Wbcii  a  body  rests  on  a  haso,  it  is  stable,  when  llie  vertical 

ring  through  tho  centre  of  gravity  falls  within  the  baae.    The 

lily  of  tlie  body  in  such  a  pot^ition  is  estimated  by  the  mag- 

aide  of  tlie  force  rt>()uired  to  overturn  it.     If  its  position  con 

)  distiirbi^I  or  deranged  without  raising  its  centre  of  gravity, 

B  sligiile&t  force  will  be  suflicient  to  move  it ;  but  if  its  position 

mot  be  cliauged  without  causing  ils  centre  of  gravity  to  rise 

h  a  higher  pmition,  then  a  force  will  be  rc^iuircd  which  would  Imj 

civiit  to  raiEo  the  entire  body  tlirough  the  heiglit  to  whicU  its 

■tnt  of  gravity  must  lie  elevated.     This  is  illustrated  iu  Pigs. 

\  24,  25.     To  turn  tlic  cylinder  over  tlie  edge  £,  it  would  bo 


aeecfxnnr  in  eiUiercase  to  more  tho  centre  of  gravity,  G,  ovpr 
_lbc  arx;  G  E,  and   tionco  to  raise  it  llirou^i  tlie  heiglit  II  Ju. 
I  divtance  is  greater,  and  hence  the  force  rctjutred  to  over- 
i  llio  cylinder  is  greater,  the  larger  tho  base  of  the  cylinder 
ktirely  to  its  heiglit.     It  can  also  easily  be  •e«n  (hat  tlie  ita- 
■  greatest  when  the  vertical,  futmnjt  tlirough  tlie  cvutrv  of 
mti  olio  through  the  cenire  of  tho  \  ~ 
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tliroiigli  the  edg 
■will  overturn  it. 


J  of  tli9  base,  as  in  Pig.  26,  the  Elightest  foroo 
IT  it  posses  gut^ide  of  the  base  (Fig.  27),  Uimi 


the  centre  will  be  unsupported,  and  the  cylinder  will  fall.  1"lii 
principles,  wlilcli  have  been  illustrated  by  a  cylinder,  may 
readily  ostouded  to  other  bodies. 

AVhcn  a  body  rests  on  two  or  more  points,  it  is  not 
for  its   stability  that  its  centre   of  grarity  should  bo  dirocti 
over  one  of  these  points ;  it  is  only  necessary  that  its  vertical 
slionld  fall  between  them.     If  a  body  rests  on  two   points,  it 
is  supported  as  eUcctually  as  if  it  rested  on  an  edge  coincidiog 
with  tlio  straight  line  which  unites  the  two.     If  it  rests  on  tlii 
points,  it  13  supported  as  firmly  as  it  would  bo  by  a 
ba<;e  coinciding  with  the  triangle  of  wlucb  the  throe  points 
vertices. 

A  familiar  condition  of  equilibrium  is  presented  by  a  ephi 
resting  on  a  level  plane.     iSuch  a  sphere  has  but  one  point 
support,  and  this  is  directly  under  the  centre  of  gravity.     If  the 
sphere  is  rolled  upon  the  plane,  the  contra  of  gravity  will  neither 
rise  nor  fall.     Hence  any  force,  however  slight,  will  cause  it  to 
move  ;  and,  on  the  other  liand,  the  lH)dy  will  have  no  tendency, 
of  itself,  to  change  its  position  when  it  is  disturbed.     This  condi- 
tion ia  called  ntutrat  equilibrium.     A  cylinder  resting  witli  ita 
edge  on  a  plane  and  lovcl  surface  is  another  example  of  aeul 
c<iuillhrium. 

(411.)  Intensitff  of  the  Earth's  .ittraction.  —  Tlie  falling  of 
stone  to  the  earth  is,  as  has  been  stated  (,21),  an  example  c^ 
uniformly  accelerated  motion.     Ucncc,  tlio  force  of  gravitat 
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must  be  a  force  of  constant  intensity  (27).  The  amount  of  ac- 
celeration, as  vas  also  stated  (21),  at  the  latitude  of  Paris,  is 
0  ss  9.8088  metres.  This  acceleration  is  the  same  for  all  masses 
ot  matter,  whether  large  or  small.  The  apparent  contradiction 
to  this  statement  in  common  experience  arises  from  the  fact,  that 
the  lUl  of  light  bodies  is  moro  retarded  hj  the  resistance  of  the 
air  than  that  of  heavy  bodies.  If,  however,  the  experiment  is 
made  in  aTacuum,  it  will  be  found  that  a  gold  eagle  and  a  feather 
win  ftll  with  equal  rapidity.  The  intensity  of  a  force  is,  as  we 
have  seen,  equal  to  Jiff.  Bepresenting  the  intensity  of  the  force 
of  gntvitj,  which  acts  on  a  given  mass  of  matter,  ilf,  by  Gy  we 
shall  have,  for  the  latitude  of  Paris, 

G  =  M  9.8088  (units  of  force).  [26.] 

For  any  other  mass  of  matter,  ilf' ,  we  shall  have,  in  the  same 

way, 

G'  =  M'  9.8088  (units  of  force). 
Hence, 

G:  G'^M:  M'.  [27.] 

The  intensity  of  the  earth's  attraction  is  therefore  proportional 
to  the  quantity  of  matter  on  which  it  acts.  In  other  words,  the 
force  increases  with  the  quantity  of  matter  to  which  it  is  applied. 
In  this  respect  gravity  differs  from  many  other  forces  with  which 
we  are  familiar,  from  muscular  force  and  the  force  of  a  steam- 
engine,  for  example,  since  these  have  a  constant  value,  and  do  not 
vary  with  the  amount  of  matter  to  which  they  are  applied. 

We  assumed  (45)  that  the  earth's  attraction  acts  equally  on 
every  particle  of  matter.  If  this  is  true,  it  follows  that  the  re- 
sultants of  all  the  forces  of  gravity  acting  on  the  separate  parti- 
cles of  two  bodies  must  be  proportional  to  the  number  of  par- 
ticles in  each;  in  other  words,  to  the  masses  of  the  two  bodies. 
That  this  is  the  case,  is  proved  by  the  experiment  on  falling 
bodies  alluded  to  above,  and  by  the  proportion  [27]  which  fol- 
lowed.    Hence  the  assumption  of  (45)  was  correct. 

As  the  intensity  of  the  force  of  gravity  varies  with  the  amount 
of  matter  on  which  it  acts,  we  must,  in  estimating  the  strength 
of  this  force  in  different  places,  always  compare  the  intensities 
of  the  force  when  acting  on  equal  masses  of  matter.  It  simpli- 
fies the  subject,  to  take  a  quantity  of  matter  equal  to  the  unit  of 
mass  in  each  case.    Representing  then  by  g  the  intensity  of 

6» 
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attraction  of  gravitation  for  the  unit  of  mass,  ve  can  easilj  de« 
duce  from  [26], 

g  »  9.8088  (trnUs  of  force) ;  [28.] 

and  also 

G  =  Mg  (units  of  force).  [29.] 

In  this  book,  g  will  always  be  used  to  express  the  intensity  of  the 
force  of  gravity  acting  on  the  unit  of  mass,  or,  in  general,  the 
intensity  of  the  force  of  gravity ;  and  G  will  always  be  used  to 
express  the  intensity  of  the  force  of  gravity  acting  on  a  given 
mass,  M.  In  every  case  they  both  stand  for  a  certain  number  of 
units  of  force.  The  intensity  of  the  earth's  attraction  varies 
slightly  at  different  points  of  its  surface ;  thus,  at  the  equator, 
g  =  9.7806  ;  at  the  latitude  of  Paris,  as  above,  g  =  9.8088 ; 
and  at  the  pole,  g  =  9.8314. 

In  order  to  determine  the  intensity  of  gravity  at  diflferent 
places,  it  might  be  supposed  that  we  could  measure  the  dis* 
tance  through  which  a  heavy  body  would  fall  the  first  second, 
and  then,  by  the  principles  of  uniformly  accelerated  motion  (21), 
twice  this  distance  would  be  equal  to  the  value  of  g  at  the  given 
place.  On  account  of  the  great  rapidity  with  which  bodies  fell, 
it  is  impossible  to  measure  this  distance  with  any  accuracy ;  nor 
is  this  necessary,  since  we  have  in  the  pendulum  an  instrument 
by  which  we  can  determine  indirectly  the  value  of  g  with  great 
precision. 

(50.)  Pendulum.  —  A  pendulum  is  a  heavy  body,  suspended 
from  a  fixed  point  by  a  rod  or  cord.  If  the  centre  of  gravity  of 
the  body  is  directly  under  the  point  of  support,  the  body  remains 
at  rest ;  but  if  the  body  be  drawn  out  of  this  position,  so  that 
the  centre  of  gravity  will  be  on  either  side  of  the  vertical  line 
passing  through  the  point  of  support,  then  the  body,  when  disen- 
gaged, will  fall  towards  the  vertical  line,  and  in  consequence  of 
its  inertia  will  continue  its  motion  beyond  the  vertical  line  until 
it  comes  to  rest.  It  will  then  return  to  the  vertical,  and  thus 
oscillate  from  side  to  side.  In  order  to  investigate  the  phe- 
nomena of  this  kind  of  motion,  the  mathematicians  study  at  first 
an  ideal  pendulum,  which  they  call  a  simple  pendulum^  to  distin- 
guish it  from  the  actual  material  pendulum,  which  they  call  a 
compound  pendulum. 

(51.)  Simple  Pendulum.  —  A  simple  pendulum  connsts  of  a 
material  point  suspended  to  a  fixed  point  by  means  of  a  thread 
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hllMnit  mats  or  weight,  perfectly  Hcxiblo  and  inexteneible. 
Kh  a  pendulum  is  of  course  only  a  mathematical  ahstrac- 
;  btu  w«  can  approach  GiiJhci«iitly  near  to  it,  for  purposes 
r  illuuratioa,  by  su<ipeiidiiig  a  Bjuall  lead  bullet  to  a  fixed  point 
of  a  ijiio  fcilk  thread. 
Let  O  A,  Fig.  28,  bo  such  a  simple  pendulum,  iu  a  vertical  po- 
ion,  and  tlivrvforo  at  rest.  It'  we  now  withdraw  it  to  the  i>OEi- 
I  O  B,  tho  force  of  gravity  act- 
l  on  tho  point  B  in  the  direction 
Bff  may  he  decomjiofled  into  two 
mponents:  ono,  £  a,  which  will  be 
poyed  by  llie  i-esistanco  of  tlie 
d  and  of  tho  fixed  [wiiit  O ;  tlie 
Iher,  B  b,  perpendicular  to  O  B, 
liich,  Iwiiig  uiiresistod,  will  move 
poiut  B  towards  the  vertical 
7  A.  If  the  lino  B  g-  represents 
InlcDtity  of  (he  force  of  grav- 
tlieti  B  b  represents  tlie  in- 
ity  of  the  second  component, 
if  we  sup))08e  the  amount 

r  concentrated  at  B  to  bo  equal  to  the  unit  of  mass,  and 
icnt  the  angle  BOA  by  o,  we  sliall  have,  for  the  viilue  of 
I  second  component,  g  sin  a.  This  component  will  evidently 
1  iu  intensity  as  the  pendulum  approaches  the  vertical, 
ind  at  the  vertical  will  become  noUiing.  It  appears,  therefore, 
ibat  this  force  iritl  he  continuous,  but  not  constant ;  and  hence, 
Ibat  the  pendulum  will  move  with  an  accelerated,  but  not  with 
I  uniformly  accelerated  motion  (-0),  iu  the  arc  of  a  circle  whose 

tie  ia  equal  to  0  B, 

I  Haoiug  reached  tho  vertical  O  A,  the  pendulum,  in  virtue  of  its 

intutn,  will  rise  with  a  retarded  motion  toward  OB' ;  and 

}  the  action  of  gravitation  in  retarding  tho  motion  miD^t  be 

kctly  equal  to  its  previous  action  in  accelerating  it,  it  follows 

1  (27)  that  the  momentum  will  not  be  destroyed  until  the 

pendulum  has  moved  over  an  arc,  A  B',  equal  to  A  B.     At  B'  it 

will  be  Cor  an  instant  at  rest,  and  then  fall  back  again  to  A,  re- 

lUi  B,  and  thus  contimie  indefinitely,  supposing  there  were 

f  recistance.     In  actual  practice,  however,  with  a  eonijiound 

1,  tba  resistance  of  the  air,  the  rigidity  of  tlie  I 
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and  the  friction  at  the  point  of  support,  rapidly  diminish  the 
arc  through  which  it  moves,  and  finally  arrest  the  motion  al- 
together. By  diminishing  these  resistances,  the  motion  may  be 
made  to  continue  for  a  proportionally  longer  time  ;  and  a  pendu- 
lum has  been  known  to  continue  oscillating  in  a  vacuum  for 
several  hours. 

Each  motion  of  the  pendulum  from  B  to  A',  or  from  B'  to  Bj 
is  called  one  oscillation,  and  the  angle  B  O  B'  is  called  the  ampli- 
tude of  the  oscillation. 

(52.)  Isochronism  of  the  Pendulum.  —  It  is  evident  that  the 
length  of  time  required  for  a  single  oscillation  of  tlie  pendulum 
O  Aj  Fig.  28,  must  be  absolutely  the  same,  so  long  as  tlie  ampli- 
tude of  the  oscillation  remains  constant ;  but  also,  what  is  more 
remarkable,  it  is  true  that  the  time  required  for  each  oscillation 
of  the  pendulum  is  but  little  influenced  by  the  amplitude  of  the 
oscillation ;  and,  for  all  practical  purposes,  the  time  of  oscillar 
tion  may  be  regarded  as  equal  for  all  amplitudes  not  exceeding 
three  or  four  degrees.  This  singular  property  of  the  pendulum 
is  termed  isochronism,  from  two  Greek  words  signifying  equal 
time,  and  the  oscillations  of  the  pendulum  are  said  to  be  uo- 
chronous.  Two  oscillations  of  tlie  pendulum  are  not,  however, 
absolutely  isochronous,  unless  the  difiercnce  between  their  am- 
plitudes is  infinitely  small. 

(53.)  Formula  of  the  Pendulum.  —  If  we  represent  by  T  the 
time  of  oscillation  of  a  pendulum  in  seconds,  by  /  its  length  in 
fractions  of  a  metre,  by  ff  the  acceleration  produced  by  gravity 
each  second,  and  by  n  the  ratio  of  the  circumference  of  a  circle 
to  its  diameter,  the  value  of*  T  may  be  found  to  be 


--"Jf 


[30.] 


when  the  amplitude  of  the  oscillation  is  infinitely  small.  If  the 
amplitude  is  not  infinitely  small,  but  only  very  small,  then  we 
have 


^^''JK'  +  rO'  ^'^-^ 


when  a  is  the  ratio  of  the  length  of  the  arc  A  B,  Pig.  28,  to  the 
length  of  the  pendulum.  The  truth  of  these  forinulad  cannot 
readily  be  demonstrated  without  the  aid  of  the  higher  mathe- 
matics, and  we  must  therefore  refer  the  student  to  works  on 
Analytical  Mechanics  for  the  demonstration. 
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Several  important  truths  are  expressed  in  these  formula) :  — 

1.  The  duration  of  an  osciilaiion  docs  not  depetut  an  its  ampli-* 
Usde  when  this  is  infinitely  small^  and  is  but  slightly  influenced 
by  the  amplitude  even  token  it  is  as  large  as  three  or  four  de* 
grees.  By  substituting,  iu  [30],  /=1,  and  g-™  9.809,  wo 
should  obtain,  for  the  time  of  vibration  of  a  j^ondulum  one 
metre  long,  at  the  ktitude  of  Paris,  r=  1.008085.  Ky  sul)- 
stituting  in  [81]  the  same  values,  and  also  a  =  8.1416  -r-  90  ■■ 
0.0349,  we  should  obtain,  for  the  time  of  vibration  when  the  am- 
plitude was  four  degrees,  Ts  1.008161,  which  differs  from  the 
first  value  by  only  the  0.000076  of  a  second. 

2.  The  duration  of  the  oscillation  is  proportional  to  the  square 
root  of  the  length  of  the  pendulum.    Substituting,  in  equation 

[30] ,    C  «=    I  — ,  which  is  a  constant  quantity  at  any  given 

place,  the  equation  becomes  T=  C  aJT.  For  a  pendulum  of 
another  length,  as  /',  We  have  T'  a=  C  aJU^  and,  comfmring 
the  two, 

T  xT  =  V7  :  VP ;  [82.] 

and  also 

/  :  /'  =  T« :  T\  [88.] 

3.  The  duration  of  the  osciilaiion  of  a  pendulum  (tf  an  invor 
riable  length  is  inversely  proportional  to  the  srpiare  rrxd  of  tlie 
imtensUy  of  gravity.  Sulistitutiiig,  iu  e<|uation  ['W],  6*5«r  f^n^l^ 
which  is  a  constant  quantity  when  /  is  supjjoi$ed  snvarialiU;,  we 

obtain  T=  (7  |-1.  For  another  pbce,  where  tlie  inteusiiy  of 
gravity  is  ^,  we  have  T  =  C    I-L  ;  hence, 

f-'A.j  Compcmud  Pendulum.  —  We  1jAt#j  h'M^^rto  tnpf//^A 
thai  ti^  pirLiCCium  is  a  LfAvj  cuim,  of  iudetiudMr  tmall  uts^grj/^ 
mi*.  *u5>Kjdr:d  br  SL  KrinsT  or  a  r^A^  IavIuz  i^f  w^jrf^t,     H^#/>i 

usee  Li  all  c^iLT  *:xueriiiiK.if  i±  a  tfjc^yr^zA  yic/iT.',\:u.  ^jm^mi^.  ut. 
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lum  must  neeessarily  be  at  diiTerent  distances  from  tlie  point  of 
suspension,  and  must  therefore  tend  to  oscillate  in  difieront  times. 
Hence,  the  time  of  oscillation  of  the  whole  pendulum  will  not  be 
the  same  as  that  of  a  simple  pendulum  of  the  same  length,  and 
the  difference  becomes  of  much  importance. 

The  theory  of  the  simple  pendulum  maj  be  extended  to  tlie 
compound  pendulum,  by  regarding  tlie  last  as  consisting  of  as 
many  simple  pendulums  as  it  contains  material  particles.  Were 
these  free  to  move,  they  would  oscillate  in  different  times,  deter* 
mined  by  their  distances  from  the  point  of  suspension  ;  but  Utiej 
form  parts  of  a  rigid  system,  and  they  are  therefore  all  compelled 
to  oscillate  in  the  same  time.  Consequently,  the  oscillations  of 
the  particles  near  the  point  of  suspension  are  retarded  by  the 
slower  oscillations  of  those  below  them  ;  and,  on  the  other  hand, 
the  oscillations  of  the  particles  near  the  lower  end  of  the  pendu- 
lum are  accelerated  by  the  more  rapid  oscillations  of  those  above 
them.  At  some  point  on  the  axis  of  the  pendulum,  intermediate 
between  these,  tliere  must  be  a  particle  whose  natural  oscillatioa 
is  neither  accelerated  nor  retarded,  and  where  the  several  effects 
will  be  all  balanced,  all  the  particles  above  it  having  exactly  the 
same  tendency  to  oscillate  faster  that  the  particles  below  it  have 
to  oscillate  slower.  This  point  is  called  the  centre  of  osciUatiany 
and  it  is  obvious  that  the  time  of  oscillation  of  a  compound  pei^ 
dulum  is  exactly  the  same  as  that  of  a  simple  pendulum  whose 
length  is  equal  to  the  distance  of  the  centre  of  oscillation  from 
the  point  of  suspension.  This  distance  is  the  virtual  or  acting' 
length  of  the  pendulum,  and  equations  [30]  and  [31J  will  apply 
to  compound  pendulums,  by  substituting  for  /  their  virtual 
length.  By  the  length  of  a  pendulum,  no  matter  what  may  be 
its  form,  is  always  to  be  understood  the  virtual  length,  unless 
the  reverse  is  expressly  stated. 

(55.)  Position  of  the  Centre  of  Oscillation.  —  Wlien  the  form 
of  the  pendulum  is  given,  the  position  of  the  centre  of  oscillation 
can  be  calculated  ;  but  as  the  methods  of  calculation  involve  the 
principles  of  the  higher  mathematics,  they  cannot  readily  be  ex- 
plained in  this  connection.  The  centre  of  oscillation  can  also  be 
found  experimentally,  by  making  use  of  the  following  remarka- 
ble property  of  the  compound  pendulum,  first  demonstrated  by 
Huyghens. 

If  a  pendulum  be  inverted  and  suspended  by  its  centre  of  os* 
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eOlfttioa,  its  fonnar  point  of  suspension  will  beoomo  its  now  oontro 
of  onrillation,  and  the  time  of  Tibration  will  remain  the  same  aa 
before.    This  property  is  usually  expressed  by  saying,  that  the 
centres  ofoscillaHon  and  suspension  are  interchangeable. 
property  of  tlie  pendulum  may  bo  verined  by 
6[  a  reversible  pendulum,  Fig.  29.    This  ]>ondu- 
lom  is  fiimished  with  two  knifo-edgcs,  a  and  6,  which, 
when  the  pendulum  is  in  use,  rest  on  plates  of  stool  or 
agate.    If  a  is  the  axis  of  suspension,  and  b  the  axU  of 
oseiilation,  determined  by  calculation,  the  pendulum  will 
be  found  to  oscillate  in  the  same  time  on  either  kiiifo- 
edge.     If  the  position  of  the  axis  of  oscillation  is  nut 
known,  it  can  easily  be  found  by  shifting  the  [iOKition  of 
the  lower  knife-edge,  luitil,  on  trial,  tlie  f)cndulum  is 
found  to  oscillate  in  equal  times  on  both.    The  lower 
knife-edge  is  then  in  the  axis  of  oscillation.     A  f)Oiw 
dulum  of  this  kind  was  used  by  Captain  Katcr,  in  liis 
determination  of  the  length  of  the  seconds  pendulujUi 
mentioned  on  page  12. 

When  the  pendulum  consists  of  a  fine  thread  and  a 
heavy  ball,  the  centre  of  oscillation  Mtry  utarly  vj/xu- 
cides  with  the  centre  of  gravity,  and  such  a  i^^mdulum 
can  be  used  for  ascertaining  approximatively  th^^  virtuiJ 
length  of  a  compound  pendulum.  I^y  fet&ort^niii^  or 
lengthening  the  thread,  a  length  can  eatily  \jk  found 
with  which  the  pendulum  will  ofecillaU;  in  the  t:iin*i 
time  with  the  compound  pendulum^  lljis  Iffugtb  will 
then  be  apfiroxlmativelj  the  virtual  length  wmt^iX. 

(5*3.)    Use  of  the  Penduium  for  ^Ua^urimff  'Jime.  — 

If  in  the  cnuaiion  7*=  ar    '    .we    iru.f^iit«le    fvr  T 

imitv,  a:*d  for  ar  and  z  the  value*  alrea/iy  jrire^i.  we  »iiail       I  - 
find-  for  tlje  leiigth  rf  a  iietiCuitit  vrjnsXii^it  M^yjuCA  at       J  J^ 
Parif-  ii*e  TiJue  /  =bx  ^}*^^>X^  u^-     Tj^e  \^:4rUjt  */.  \^a^ 


4-  5*.  and   1<)  time*  liiit  \*:ijt^     J^  o!^ef  v>  u*e  V.^, 


Kewjd*  i*ei*di:luin  fw  meamiri'ir  tljKje.  :i  it  *r^'j  u^^sai^ry  tv  <//>*^ 
n?r:  wrti:  h  a  sn^ihauBXt  'rr  wiuvi  :'.«  '/eitu  iixir;  *>e  f -•^/^f '-**3C  fcu< 
h§  xwibot  malirtained.  fni*-'L  a  m^.-ixaniMi.  «y^iK!.j!.u>?«  t.  v.nmu^n. 
cJ«i.  the  efseuiiki  parte  ^£  wini  "sjneu^;^  a.  >  .^  oK . 
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The  toothed  Thecl  R,  called  the  scape-wheel,  is  turned  hj*  a 
weight  or  spring,  either  directly,  as  in  the  figure,  or  through  the 
intervention  of  other  wheels.  Tlie  revolution  of  the  scape-wheel 
is  regulated  hy  means  of  a  peculiar  contrivance,  a  b,  called  the 
escapemetUy  which  oscillates  on  an  axis 
o  o'.  The  oscillations  are  communi- 
catad  to  the  escapement  \>j  the  pen- 
dulum P,  through  the  forked  arm  of. 
When  the  pendulum  hangs  verticallf, 
one  of  the  teeth  of  the  Bcape-wheelj 
cut  obliquely  for  the  purpose,  rests  on 
the  upper  side  of  the  hook  A,  and  tlie 
clock  remains  at  rest.  If  now  the 
pendulum  is  set  in  motion,  so  that 
the  hook  b  is  moved  from  the  wheel, 
the  tooth  wliich  rested  upon  it  is  set 
free,  and  the  wheel  begins  to  revolve ; 
but  it  is  soon  arrested  by  the  hook  o, 
which  has  moved  up  to  the  wheel  as 
h  moved  from  it,  and  catches  on  its 
under  surface  the  tooth  immediately 
below.  As  the  pendulum  oscillates 
hack  the  hook  a  moves  away,  the 
wheel  ^mn  commences  to  revolve, 
but  is  arrested  a  moment  oiler  on  the 
opposite  side  by  the  hook  6,  which 
catches  the  tooth  next  to  the  one  it  held  before ;  and  thus  contin- 
uously, so  that  each  oscillation  of  the  pendulum  allows  the  scape- 
wheel  to  move  forward  tlirough  a  space  equal  to  one  half  of  one 
of  its  teeth.  If,  then,  the  wheel  has  thirty  teeth,  it  will  com- 
plete one  revolution  in  sixty  beats  of  the  pendulum,  moving  foi^ 
word  one  sixtieth  of  a  revolution  at  eacJi  beat.  This  wheel  is 
the  one  on  whose  axis  the  second-hand  is  placed.  It  is  connected 
by  cogs  with  another  wheel,  which  is  made  to  occupy  sixty  times 
as  long  in  revolving,  and  this  carries  the  minute-hand ;  and  this  is 
connected  with  another  wheel,  which  revolves  in  twelve  times  the 
period,  and  carries  the  hour-hand.  Thus  the  second-hand  regis- 
ters the  beats  of  the  pendulum  up  to  sixty,  or  one  minute  ;  the 
minute-hand  registers  the  number  of  revolutions  of  the  second- 
hand up  to  sixty,  or  one  hour ;  and  the  hour-band  registers  the 
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mimber  of  rerolutions  of  the  minute-hand  up  to  twelve,  or  half 
a  daj. 

If  the  pendulum  and  escapement  were  removed  from  a  clock, 
there  would  be  nothing  to  prevent  the  train  of  wheels  from  being 
turned  round  with  great  rapidity  by  the  weight  or  spring  acting 
on  it,  and  the  clock  would  speedily  run  down.  On  the  other 
hand,  were  there  not  some  means  of  communicating  to  the  pen- 
dulum occasional  impulses,  it  would  soon  be  brought  to  rest  by 
the  resistance  of  the  air  and  the  resistance  duo  to  the  niudo  of 
suspension.  To  prevent  this,  the  escapement  is  so  constructed  as 
to  give  a  very  slight  additional  impulse  to  the  pendulum  at  each 
oscillation.  The  ends  of  the  two  hooks,  a,  by  are  cut  so  as  to  pre- 
sent to  the  teeth  of  the  scape-wheel  inclined  surfaces.  As  the 
tooth  of  the  wheel  leaves  one  of  these  hooks,  its  extremity 
slides  over  this  inclined  plane  with  a  considerable  force,  commu- 
nicated by  the  weight,  so  as  to  throw  the  escapement  forward 
with  a  slight  impulse  the  moment  the  tooth  is  set  free.  This  im- 
pidse  is  communicated,  through  the  axis  o  o'  and  the  arm  o/,  to 
the  pendulum.  If  the  weight  is  increased,  the  force  with  which 
the  impulse  is  given  will  be  greater ;  and  the  pendulum,  receiv- 
ing a  greater  impulse  at  each  oscillation,  will  swing  through  a 
greater  arc.  As  this  wMl  slightly  increase  the  time  of  eacii  oscil- 
lation (53),  the  addition  of  weight  will  make  the  ckick  go  hlowttr. 
The  change  of  rate  in  a  clock  caused  by  the  expanfiion  and  ('jm- 
traction  of  the  pendulum,  will  be  considered  in  the  chapter  on 
Heat. 

(57.)  Use  of  Pendulum  for  3Tea$urinff  the  Force  of  (irav- 
ity.  —  By  transposing,  we  obtain  from  equation  [30  J  th';  valu«5 
of  g-: 


from  which*  when  we  know  the  leujrth  of  a  p<!;ridultjr/i  nljl^h  //^ 
cillaxes  in  a  given  time,  T.  we  can  eafily  calculate  tl*^  y'^^W-.  *A  pr 
for  the  place  of  experiment.  If.  in  th'r  la*t  e^^'i^jtt'/rj,  »<?  \,VA^'Ai 
r=  1,  then  /  denotes  the  lengili  of  iJ>e  ii^y>n4*  \^AJi^iiKiu-  ^A 
we  obtain  for  the  value  of  g*, 

In  order,  then,  to  measure  tlje  :.M^:>;:r  '/  jfTiT;tr  *.♦  %j:.y  v;t/>  ^*^, 
have  oolj  to  oscilhue  a  ytxAvLlMin  '•iy/^  lirtual  %v/<^^^ 
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and  obseire  the  time  of  a  single  oscillation.  This 
is  readily  made  by  counting  a  large  number  of  oscillatioHS,  and 
observing  the  time  occupied  by  the  whole  number.  This  time, 
divided  by  the  nimiber  of  oscillationsy  gives  the  duration  of  a 
single  oscillation  with  great  accuracy,  because  any  error  we  may 
have  made  in  observing  tlie  time  is  thus  greatly  divided. 

By  this  method  Borda  and  Cassini,  in  1790,  measured  with 
great  accuracy  the  intensity  of  gravity  at  the  Observatory  of 
Paris.  The  pendulum  which  they  used  consisted  of  a  sphere  of 
platiniun,  suspended  to  a  knife-edge  by  means  of  a  fine  platinum 
wire.  The  knife-edge  rested  on  an  agate  plate,  and  the  whole 
pendulum  was  about  four  metres  long.  Instead  of  counting  di« 
rectly  the  number  of  oscillations,  Borda  compared  the  motion  of 
his  pendulum  with  that  of  a  clock  placed  behind  it.  On  the  ball 
of  the  clock's  pendulum  a  vertical  mark  indicated  the  position  of  its 
axis,  and  a  small  telescope,  placed  a  few  metres  in  front,  enabled 
him  to  observe  when  the  wire  of  his  pendulum  exactly  coincided 
with  the  yertical  mark.  Starting  from  a  moment  when  the  two 
coincided,  he  observed  the  number  of  seconds  before  such  coin- 
cidence occurred  again ;  and  knowing  this,  he  was  able  at  once  to 
calculate  the  number  of  oscillations  of  the  pendulum  which  oo- 
curred  during  an  observed  number  of  seeonds  by  the  clock.    Let 

V  be  tlie  number  of  oscillations  of  the  seconds  pendulum  between 
the  coincidences,  then  t;  dt=  2  will  be  the  number  of  oscillations 
of  the  experimental  pendulum  in  the  same  interval,  that  is,  in 

V  4-  2 

V  seconds,  and  will  bo  the  number  in  one  second.    Hence, 

if  j9  is  the  number  of  oscillations  of  the  pendulum,  and  t  the 
number  of  seconds  observed  by  the  clock,  we  shall  have 

p  =  ,^-l=,^ti;  [97.] 

an  equation  by  which  we  can  calculate  the  nimiber  of  oscillations 
in  a  given  time,  without  being  obliged  to  count  them.  In  these 
experiments,  the  pendulums  were  enclosed  in  glass  cases  to  pro- 
tect them  from  currents  of  air,  and  separated  from  each  other 
by  glass,  so  that  they  should  not  react  on  each  other  through 
this  fluid. 

As  the  amplitude  of  the  oscillations  is  not  infinitely  small,  but 
only  yery  small,  in  such  experiments,  it  is  important  to  correct 
the  number  of  oscillations  observed  as  above,  and  substitute  for 
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it  in  the  calculation  the  number  which  would  have  occurred  had 
the  amplitude  been  really  infinitely  small.  If  we  call  the  duration 
of  an  oscillation  which  is  infinitely  small  T,  and  that  of  one  which  is 

only  very  small  T',  we  have  from  [30]  and  [31]  ^'=^(l  +  flY 

where  a  is  equal  to  one  half  the  arc  which  measures  the  am- 
plitude. Now,  as  the  number  of  oscillations  in  a  given  time  is 
inversely  as  their  duration,  wo  have  T' :  T=n  :  n';  and  hence, 


«  =  «'(l+fj),  [38.] 


where  n  is  the  required  number  of  oscillations,  and  n*  the  ob- 
served number.  The  amplitude  is  measured  by  means  of  a  hori* 
lontal  scale  placed  behind  the  pendulum,  and,  as  it  sensibly 
diminishes  during  the  experiment,  we  take  for  the  value  of  a 
in  [38]  the  mean  amplitude  during  the  time  of  observation. 

The  value  of  g  found  by  the  above  formulae  is  a  little  too 
small,  owing  to  the  fact  that  the  force  of  gravity  acting  on  the 
mass  of  the  pendulum  is  balanced  to  a  slight  degree  by  the  buoy- 
ancy of  the  air,  and  it  is  necessary  to  correct  the  result  for  this 
cause  of  error.  The  principles  from  which  this  correction  may 
be  calculated  will  bo  explained  in  Chapter  III.  It  will  there  be 
shown  that  a  body  is  buoyed  up  in  a  fluid  by  a  weight  equal  to 
the  weight  of  fluid  which  it  displaces.  Hence,  if  W  represents 
the  weight  of  a  body  in  a  vacuum,  and  to  the  weight  of  air  it 
displaces  at  a  given  temperature  and  under  a  given  pressure, 
then  W —  IT  is  the  weight  of  the  body  in  the  air  at  this  temper- 
ature  and  pressure.      If  we  put  J  =  — ,  the  small    fraction 

which  represents  the  ratio  of  the  weight  of  the  air  to  the  weight 
of  the  body,  we  shall  easily  obtain 

W—w=W—8  W=  W(l  —  8). 

Representing  the  weight  of  the  body  in  air  ( TF  —  t^)  by 
W\  we  obtain,  for  the  relation  between  the  weight  of  a  body 
in  air  and  in  a  vacuum,  the  equation  W*  =  W  (1  —  i).  It 
will  be  shown,  in  one  of  the  following  sections,  that  the  weights 
of  the  same  body  under  different  circumstances  are  proportional 

to  the  intensities  of  gravity,  and  hence  that  =^  =  ^  ;   substi- 

tuting  this,  we  have,  for  the  relation  between  the  actual  intensity 


76 


CHEMICAL  PHYSICS. 


of  gravity,  g^  and  the  apparent  intensity  when  the  experiments 
are  made  in  air,  g'^ 

g  =  g'Y^i-  [39.] 

It  appears,  however,  from  the  experiments  of  Bessel,  which  were 
confirmed  by  the  calculations  of  Poisson,  that  the  loss  of  weight 
which  the  pendulum  suffers  in  air  is  much  greater  when  it  is  in 
motion  than  when  at  rest,  so  that  a  still  further  correction  must- 
be  made  to  eliminate  this  source  of  error ;  but  for  the  details  of 
this  and  of  the  other  corrections  which  are  required,  we  must 
refer  the  student  to  Bessers  original  Memoirs. 

(58.)  Value  of  g.  —  By  the  method  described  in  the  last  sec- 
tion, Borda  and  Gassini  found  for  the  intensity  of  gravity  at  the 
Observatory  of  Paris  the  number  g  =  9.8088.  This  value  has 
since  been  redetermined  by  Biot,  Arago,  Mathieu,  and  Bouvard, 
who  used  the  same  process,  except  that  they  employed  a  shorter 
pendulum,  and  obtained  almost  absolutely  the  same  results. 
Bessel,  by  correcting  for  the  loss  of  weight  in  the  air  due  to  the 
motion  of  the  pendulum,  found  for  the  value  of  the  intensity  of 

gravity  at  Paris, 

g  =  9.8096, 

which  is  probably  the  most  accurate. 

The  value  of  g  has  also  been  determined  at  different  points  on 
the  earth's  surface,  with  more  or  less  accuracy,  by  different  ob- 
servers. Some  of  these  results  are  collected  in  the  following 
table,  which  has  been  taken  from  Daguin's  TraitS  de  Physique. 
The  length  of  the  seconds  pendulum  is  easily  calculated  from  the 
values  of  g  by  means  of  equation  [36]. 


Statkmf. 


Spitzhen^n, 
Stockholm, 
Konigsbergf 
Paris, 
IleRawak, 
He  de  France, 
Cape  of  Good  Hope, 
Cape  Horn, 
New  Shetland, 


Utitad««. 

79  49  Ss'k. 
59  20  34 

54  4S  IS 
4S  50  U 

0     1  348. 
20     9  23 
S3  55  15 

55  51  20 
62  56  U 


ValM  of  f. 

SeooDdt 
Pmidalain. 

m. 

9.83I4I 

0.99613 

9.81946 

0.99492 

9.81443 

0.99441 

9.80979 

0  99394 

9  78206 

0  99113 

9  78917 

0.99185 

9.79696 

0.99264 

9.81650 

0  99462 

9.82253 

0.99523 

Sabine. 

Svanbei^. 

BesaeL 

Biot,  etc. 

Freycinet. 

Dnpemj. 

Frojdnet 

Foster. 

Foster. 


It  appears  from  this  table,  that  the  intensity  of  the  force  of 
gravity  gradually  increases  with  the  latitude  as  we  go  from  the 
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equfttor  towards  eitlior  pole,  lii  general,  tlm  mluo  of  g  fur  oiijr 
latitudo  can  ba  determined  sufficioiilly  near  for  all  jiurposuo  of 
ifflicB,  1)7  moans  of  tlio  fonnula, 

g  =  9.80604  (1  —  0.OO25935  .  cos2A),  [■*"•] 

\  vliicli  X  13  tliti  latitadc  of  tlio  ploro,  and  9.80004  Urn  valiio 
f  g-  at  the  latitude  of  45°.  Uy  Bubstituting  for  X,  0'  or  HO", 
I  obtain  at  tlio  equator  ^  =  9.780042,  and  at  the  {mles  g  ^ 
1314^.  It  does  not  appear,  liowever,  that  thu  intenolty  of 
jf  is  rigorously  tlio  same  at  all  pointM  on  lliB  fftinc  parallitl  of 
Ic,  or  at  corresponding  points  in  the  nortlioni  and  ooutlicrn 
Irregularities  in  tliis  reepect  wore  iioticxtd  In  tlio 
mt  of  tiie  arc  of  thu  meridian  in  Franco,  and  al»o  by 
e  at  lli«  Ca])e  of  Good  Hope. 
These  variations  in  the  intensity  of  gravity  on  the  carth'a  RUr- 
faat  depend  mainly  on  two  causes  ;  gret,  on  the  cvulrifugaJ 
foree  due  to  tbe  earth's  revolution  on  its  axis,  wliicli  is  at  its 
maximam  on  the  equator,  and  gradually  dimiuisbes  towards  tit* 
]->le9^  vbcre  it  diiappears ;  secondly,  on  tlic  spheruidal  cliaracter 
'->r  the  e*rtii,  in  txmaequeoce  of  vluch  a  body  at  the  poles  is  onre 
mod^j  attneled  bj  tbe  wmm  oi  tbe  earth  than  it  is  at  lb« 
ci^Dxlor.  We  will  eoosidef  the  efibct  of  each  of  tbcee  CMMCi 
in  Oun. 

<59.)    CnUri/mgal  amd  Ctrntr^etai  Force.  —  It  baa  already 
t<«^  fsa&ed  (^),  that  a  etirrifiDear  noCioa  ta  tbe  reanltaat  of  l«o 

kws.  Tbn.  in  1%,  SI,  Ae 
fi^riiTMafiewrfsball  ifaA 
r  from*  fart  is  dM 

aefaB.wdef 

iiild^iiji 


I 
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tliero- 
i  cen- 


continno  to  move  until  its  motion  is  KirOEted  hj  An  equiral 
force  acting  for  aa  equivalent  time  iu  the  opposite  directJoi 
second,  tlie  lurco  of  gruvjty,  a.  conetant  force  Iwtb  in  directiM 
and  intensity.     Compare  (21)  and  (29^. 

Let  us  now  consider  the   conditions  of  Fig.  SI  to  be  so  Cu 
changed,  that  tlio  constant  force  no  longer  acta  in  directions  % 
allol  to  itself,  but  in  directions  which  all  converge  to  one  | 

Such  a  force  may  he  regardodjj 
an  attractive  force  emanatiDg 
from  this  point,  and  ia  tliero- 
fore  frequently  called  a  cen- 
tral-force. Let  us  then  snppc 
that  in  Fig.  32  we  have,  as! 
fore,  a  ball  moving  with  a  c 
tain  momentum  ia  the  direction 
a  m,  communicated  to  it  origi- 
nally by  a  force  acting  for  a 
given  time  with  a  given  intcnsi- 
Ki^  rts.  ty,  hut  which  has  ceased  to  act. 

Let   us  also  suppose  that  the 
same  bull  is  attracted  towards  a  given  point,  C,  by  a  force  < 
Btant  in  intensity.    What  will  be  the  resulting  motion  of  the 
Let  V  be  the  velocity  in  the  direction  a  m,  and  d  be  the  acceli 
tioa  of  the  given  force.     In  a  fimall  fractioa  of  a  second, 
wc  may  take  as  small  as  we  please,  the  ball  will  more  iu  Uie 

roction  a  m  over  a  space  o  ^,  equal  to  — ,  where  «  is  tlio  DUtab( 
of  intervals  into  which  the  uuit  of  time  has  been  divided.  In  the 
same  time  it  will  move  in  tho  direction  a  C  over  a  space  a  b,  equal 
^  i  ~i  [5].  The  result&nt  of  these  motions,  on  Uie  prineipl 
of  (25),  will  be  a  curved  line  passing  through  tJie  point  P,  v 
can  be  found  by  completiag  tho  parallelogram  a^  Pb.  ArnTlj 
at  tlic  point  P,  the  direction  of  its  original  motion  has  so  1 
changed,  tliat,  if  the  central  attraction  ceased  to  act  at  Uiat  i 
ment,  the  original  momentum  would  cause  it  to  move  iu  the 
direction  P  n,  tangent  to  the  curve  at  the  point  P,  which,  accord- 
ing to  tho  principle  of  geometry,  may  be  regarded  as  the  contitt-^ 
uation  of  tlie  direction  ia  which  it  was  moving  at  tho  insta 
The  central  force,  however,  does  not  ccaso  to  act,  and  during  |3 
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1  iuterrnl  of  linic  iJie  same  tiling  is  repeated.     Iii  virtue 
ineuIuR),  tlie  ball  will  pass  over  Uio  (listauco  P-y,  etjual 

,  and  Ja  virtue  of  the  central  force  will  movo   towarda  the 
ntre  by  va.  amount,  Pc,  equal  to  }  — |-.      The  resultant  of 

0  motions  will  bo  a  second  curved  line,  similar  to  the  first, 
ftod  (1  c»ntinualioii  of  it,  passing  through  Q.  The  same  thiug 
will   he  atcuiii  repeated  everj  succeeding  interval  of  time,  and 

[U»  (he  motion  resulting  from  tlie  two  forces  will  be  a  curved 
i  heudiug  towards  the  central  point  C,  the  ccntrnl  force  con- 

mtlf  changing  the  direction  of  the  original  monicntum.  It  is 
y  U>  BOO,  that,  with  a  certain  relation  between  the  momentum 
1  the  inteiiRity  of  the  central  force,  the  distance  of  the  ball 

1  the  centre  would  keep  always  the  same,  and  the  path  of  the 
1  would  be  a  circle.     If  the  central  force  were  greater  rcla- 

irelf  to  the  momentum  than  this,  theu  the  ball  would  be  drawn 

ich  second  nearer  to  the  centre,  and  the  radius  of  the  curvilinear 

Itb  would  OS  regularly  shorten ;  if  the  central  force  were  relutive- 

f  less,  tlie  ball  would  evidently  recede  from  the  centre,  and  the 

diuB  of  its  potli  would  lengthen.     If,  however,  we  suppose  that 

e  ociitrol  force  diminishes  as  the  body  recedes  from  the  centre, 

6  as  it  approaches  it,  so  that  the  intcusity  is  always 

el^  us  the  Fquare  of  the  distance,  then  it  can  easily  be 

tllftthcmatically  tliat  tlie  path  of  the  ball  will  return  into 

1  will  be  an  ellipse.    "NVo  bks\\  have  only  to  deal  with  that 

'  case  where  the  path  is  a  circle.     In  this  case,  the 

1  maainiug  coustautly  at  the  same  distance  from  the  centre, 

tfao  whale  central  force  is  expended  in  clianging  the  direction  of 

the  original  motion,  and  is  evidently  jubt  balanced  every  instaut 

bgr  tlie  inertia  of  the  mass  of  the  boll. 

The  force  which  arises  from  the  inertia  of  the  ball  is  called 
the  etaUrifwfol  force,  while  the  central  force  by  which  it  is  re- 
Mnincd  aud  kept  on  tlie  circumference  is  called  the  centrijxtal 
ftrct.  The  term  centrifugal  force  is  very  liable  to  be  misunder- 
Mood.  It  is  frequently  supposed  to  imply  a  force  which,  acting 
alone,  would  cause  the  ball  to  fiy  directly  from  the  centre ;  but 
we  niut  bear  in  mind  tliat  the  centrifugal  force  earvnot  aA  alme, 
diice  it  has  no  independent  existence.  When  the  centripetal 
force  ocaacs  to  act,  then  the  oontrifugal  force  ceases  to  exist,  and 
tbe  tnamctUum  of  the  moving  body  tends  to  carry  it  forward  in 
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the  straight  line  tangent  to  the  circle  at  the  point  at  which 
the  centripetal  force  ceases  to  draw  it  from  the  circumference. 
The  body  will,  it  is  true,  then  recede  from  the  centre ;  but  it 
will  only  do  so  by  passing  along  the  tangent,  the  distance  of 
which  from  the  centre  is  continually  increasing,  and  not  by 
jSying  in  a  direction  opposite  to  the  centre  of  attraction.  Its 
action,  however,  will  be  to  cause  the  particles  of  a  body  in  rapid 
revolution  to  take  their  places  at  the  greatest  possible  distance 
from  the  centre. 

The  measure  of  the  centrifugal  force  in  Fig.  82  is  obviously 
the  amount  of  restraint  required  to  keep  the  ball  on  the  circumr 
ference  of  the  circle,  and  it  is  measured  by  the  intensity  of  the 
centripetal  force,  which,  on  our  supposition,  just  balances  it. 
Calling,  then,  the  centrifugal  force  (ET,  the  acceleration  of  the  cen- 
tripetal force  09  and  the  mass  of  the  ball  Mj  we  have,  by  [14], 

€  =  itf!i.  [41.] 

Since,  however,  we  only  know,  as  a  general  rule,  the  velocity  of 
the  motion  of  a  ball  on  the  circle  and  the  radius  of  the  circle,  it 
is  important  to  obtain,  if  possible,  an  expression  of  the  intensity 
of  the  centrifugal  force  in  terms  of  these  two  quantities.  This 
can  easily  be  obtained  by  the  principles  of  geometry. 

Let  a  P,  Fig.  82,  be  the  arc  described  by  the  ball  in  an  interval 
of  time  so  small  that  the  arc  may  be  considered  as  equal  to  the 

chord.    Call  this  interval  —  of  a  second,  where  n  may  be  as  large 

as  you  please.    Represent  by  1)  the  velocity  of  the  ball  on  the 

circumference ;  then  —  is  equal  to  the  length  of  tlie  arc  a  P. 

Represent  next,  by  n,  the  unknown  acceleration  of  the  cen- 
tripetal force ;  then  the  distance  a  b,  through  which  the  ball 

would  move  under  the  influence  of  this  force  alone  in  —  of  a 
second,  will  be,  by  [5],  }  -j.  Wo  have,  by  geometry,  a  6  :  a  P  c= 
a  P :  a  D ;  from  this  proportion,  by  substituting  the  above  val- 
ues, we  obtain    4  -»  :  —  =  — :  2  JB,     or    »  =  -„  ;    and  substi- 

tuting  this  value  of  t)  in  [41],  we  obtain,  for  the  intensity  of 
the  centrifugal  force, 

€  =  Jtf  ^.  [42.] 
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mWi  cftii  gire  tliis  cxpresstOD  aiiotlier  form,  which  is  more  con- 
liieut  for  use.     The  expression  v,  which  represents  the  velocity 
^  denotes  tlie  Dumber  of  metres  which  it  passes  over  in 
If,  then,  we  represent  by  T  tho  number  of  seconds 
i  bj  the  ball  iu  going  once  round  the  circle  (ite  period  of 
lo),  and  by  2  £  K,  as  usual,  the  circumference  of  the 
e  shall  liave  V  =  — =--•      Substitutmg   this  value    in 
12],  ve  obuin 

(t  =  M*-^^,  [43.] 

bich  Is  an  expression  for  the  intensity  of  the  centrifugal  force 
t  tenus  of  the  time  of  revolution,  the  radius  of  tho  circle  d&- 
sribod,  and  the  mass  of  the  body. 
If  a  weight  is  whirled  round  at  the  end  of  a  string,  tlio  action 
of  the  centrifugal  force  is  ^lown  in  tlie  tension  of  the  string,  and 
tbi!  only  difference  between  tliis  and  llie  previous  example  is,  tliat 
the  resistance  of  the  string  takes  the  place  of  the  attractive  force. 
If  the  string  breaks,  tlie  weight  flies  off  ou  a  line  winch  is  a  tangent 
to  the  circle  which  tlio  weight  had  described.  In  like  manner, 
tho  particles  of  water  on  tlie  rim  of  a  revolving  grindstone  tend 
to  fly  off  from  the  surface,  but  are  kept  in  place  by  the  adhesive 
attrmctioD  of  the  stone  ;  when,  however,  the  rcvolutiun  becomes 
rapid,  th«  centrifugal  force  overcomes  the  adhesion,  and  the 
water  is  thrown  off  in  lines  which  are  tangent  to  the  cylindrical 
BortacB.  Not  unfrequently,  when  tlie  revolution  is  very  rapid, 
the  centrifugal  force  overcomes  the  cohesion  between  the  parti- 
cles of  the  stone  itself,  and  serious  accidents  have  resulted  from 
thiscaiue. 

Since  the  earth  is  revolving  rapidly  on  its  axis,  we  should  ex- 
pect to  find,  especially  at  the  equator,  a  manifestation  of  tliis 
camo  force ;  uid  iu  fact  we  do.  All  bodies  on  the  globe  not  sit^ 
uatiNi  cxoct^  at  the  jiolcs  tend  to  fly  off  from  its  surface  on  lines 
tangent  to  the  parallels  of  latitude  on  which  they  revolve,  and 
are  only  prevented  by  the  force  of  gravity.  Were  the  rapidity  of 
Iho  earth's  revolution  more  than  seventeen  times  increased,  the 
force  of  gravity  would  uot  be  BufBcient  to  restrain  bodies  on 
Um  equator  from  obeying  this  tendency.  As  it  is,  however,  the 
ceatrifugal  force  only  acts  to  diminish  tlie  intensity  of  tho  force 
of  gravity ;  and  this  action,  which  is  greatest  at  the  equator, 
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gradually  diminishes  as  ve  go  tovarda  tlio  poles,  where  it  is 

nothing. 

We  can  easily  find  the  intensity  of  the  centrifngal  force  at  the 
equator,  by  substituting  in  [4S] ,  for  R,  the  value  of  the  equato- 
rial radius,  6,377,398  metres,  and  for  T  the  number  of  eeconds 
in  a  day,  86,400.  The  value  of  tlie  centrifugal  force  then 
comes,  for  the  mass  M, 

€  =  MX  0.03373, 
and  for  the  units  of  mass, 

e  =  0.03373  (imils  offorct).  [44.J  J 

The  apparent  value  of  g  at  tlie  equator  is  less  than  it«  true 
value  by  exactly  the  amount  of  this  force.  Ilencc  the  full  value 
of  the  earth's  attraction  at  the  equator  is 

9.78062  +  0.03373  =  9.81435. 

For  any  other  latitude,  the  value  of  tho  centrifugal  foi 
easily  found  l.iy  assuming  that  the  earth  is  a  perfect  sphere. 

Fig.  33,  let  m  bo  the  position  of  tlie  body 
on  the  globe  ;  then  m  O  B  ^  Am  0  = 
a  mf  is  the  latitude  of  the  place,  which 
we  will  indicate  by  X ;  also  Am^  R  cos X 
is  tlic  radius  of  the  parallel  of  latitude  oa 
wliicli  the  body  m  is  rcvoMng.  The  value 
of  tho  centrifugal  force,  in  terms  of  tho  lat- 
itude, will  be  found  by  substituting  this 
last  value  for  R  in  [43] .  Making  this  sub- 
stitution, and  using  for  R  the  mean  radius  of  the  globe,  wo  obtain, 
for  the  value  of  tlie  centrifugal  force,  m/=  0.03367  cos  jl.  This, 
however,  is  tlie  value  of  the  centrifugal  force  acting  in  the  direo 
tion  mf.  The  force  of  gravity  acts  in  the  direction  m  O,  and  in 
order  to  ascertain  to  what  extent  the  force  of  gravity  is  influenced 
by  tho  centi'ifugal  force,  we  niuKt  decompose  the  last  into  two  com- 
ponouls.  I^et  m/ represent  tlie  intensity  of  the  centrifugal  fun.*, 
tlien  m  a  and  ni  b  will  represent  the  intensities  of  two  components 
the  first  of  which,  bcijig  opposite  in  direction,  will  t^nd  to  ncul 
ize  the  force  of  gravity,  while  tlio  second,  being  perpendicul 
direction,  will  produce  no  effect  ou  it.  Tho  value  of  the 
nent  ma  ia  ma  ^  mf  cos  >l ;  and  substituting  for  m  f  its  value 
as  above,  aud  representing  always  by  t  tliat  component  of  the 


lonts; 


OKNEHAL  PROPERTIES  OF   UATTER. 


bav( 


ntrirugal   force  which  is  opposite  in  direction  to  graTitj',  we 


=  0.03367  cob'  X. 


[45.] 


^^M  "We  can  easily  find  iiow  rapid  the  rotation  of  the  globe  must 

^^^L  in  order  that  tlie  centrifugal  force  at  tlie  equator  should  just 

^^BK^fel  tite  attractive  force  of  gravity.     For  this  purpose  we 

^^H^bljr  to  Bubstitutc  for  €,  in  [43],  the  value  of  the  attractive 

^^^IS^Blt  found,  and  calculate  the  corrcEpending  value  of  7*,  which 

■will  be  found  to  be  5,065  seconds.     Hence,  if  the  earth  revolved 

OBOO  iu  5,065  seconds,  or  in  l*-  24"  25' , —  that  is,  a  little  more 

than  seventeen  times  faster  than  it  does, —  the  force  of  gravity 

at  tlio  equator  would  be  just  balanced  by  the  centrifugal  force. 

(60.)    The   Spheroidal  Figure  of  the  Earth. —  The   second 
caufic,  mentioned  in  (58),  of  t)ie  variation  of  gravity  with  the 

Kitude,  is  the  spheroidal  figure  of  the  earth,  in  consequence 
which  a  body  at  the  polos  is  more  strongly  attracted  by  gravity 
ui  at  tbe  equator.  The  form  of  the  earth,  as  has  been  before 
intimated,  is  not  a  perfect  sphere.  It  is  flattened  at  the  poles, 
and  itA  fi^re  is  best  described  as  an  oblate  ellipsoid  or  spheroid. 
A  section  of  the  earth  tlirough  a  meridian  circle  is  therefore  not 
a  circle,  but  nn  ellipse  of  very  small  eccentricity,  and  the  figure 
of  tlio  eartli  may  be  conceived  as  generated  by  the  revolution  of 
60ch  an  ellipse  round  ita  shorter  diameter  as  an  axis.  The  flat- 
tening At  the  poles  amounts  in  round  numbers  to  about  ^^^  of 
the  equatorial  radius  ;  in  other  words,  the  polar  radius  is  about 
-i,  shorter  than  the  equatorial.  This  deviation  from  a  true 
■pbero  is  eo  email,  that  it  could  not  be  detected  by  the  eye  in 
a  common  globe,  but  in  the  earth  it  nevertheless  amounts  to 
over  thirteen  English  miles.  The  dimensions  of  the  earth  are 
accurately  as  follows :  '  — 

VDltunc  of  the  earth,     1,082,842,000,000.000  cubic  kilometres. 
Purfice  of  the  earth,  609,961,000.000  square       " 


I.«ngth  of  a  quadrant, 
K<{aatorial  radius. 
Moan  radius  (lat.  45°), 
Polar  radius, 

Difference  between  the  equa- 
torial and  polar  radius, 


10,000.857  kilometres. 

6,377.398 


ID  Ei^ler'i  "  LoguithmiKb- 
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Were  the  earth  perfectly  splierical,  a  plumb-line  at  any  point 
on  ita  surface  would  point  exactly  to  its  centre,  and  tlie  centre  «f 
(igure  would  then  lie  also  the  centre  of  attraction.  The  earth 
beitig  ijplioroidal,  the  pheuomeiia  of  gravity  upon  ita  eurfaue  bu- 
come  loss  simple.  The  plumb-lino  docs  not  point  exactly  to  tlie 
contra  of  the  earth,  except  at  tlie  cquutor  or  at  tlio  poles,  andi 
HioreoYor,  there  is  no  tiicd  centre  of  gravity.  In  Fig.  34,  the 
line  ^  P  is  supposed  to  represent 
a  quadrant  of  a  meridian,  of  H 
O  P  is  the  polar,  and  O^l  the  e 
torial  radius.  Starting  from  H 
equator,  let  us  take  stations  ( 
one  degree  distant  from  each  otiier 
on  this  meridian,  and  at  each  star 
tion  continue  the  direction  of  the 
plumb-line  until  it  inlei-Eeots  tiie 
plunib4in6  similarly  produced  at 
the  previous  station.  If,  in  the  fig- 
ure B,  C,  and  D  are  Uiree  such 
points,  then  a,  b,  and  c  are  the  thrco  points  of  intersection,  and 
it  is  easy  to  sec,  from  the  figure,  that  the  ninety  points  of  into 
section,  which  would  he  obtained  by  producing  the  plumb-lines 
from  all  the  ninety  stations,  would  form  when  united  a  curved 
line,  a&cp.  By  making  the  number  of  stations  infinite,  wo 
should  of  course  have  an  infinite  number  of  pohits  of  iiiterseo- 
tion  ;  and  for  every  point  on  the  quadrant  A  P,  there  would  be 
a  coiTcspondiiig  point  on  the  cur^■c  a  p.  Tbo  points  a,  b,  c,  etc 
are  termed  in  geometry  centres  of  curvature ;  the  lines  A  a, 
Bby  C  (1,  etc.  are  called  radii  of  curvature ;  and  the  curve  a  p 
is  called  the  evolute  of  tbo  curve  A  P.  Now  it  can  be  easily  seen 
tliat  what  we  call  the  centre  of  attraction  of  tiie  earth  for  any 
point  on  the  quadrant  A  P  is  the  corresponding  centre  of  curva- 
ture on  the  evolnte  a  p.  At  A,  for  example,  the  attraction  of 
the  earth  acts  as  if  it  originated  at  the  point  a ;  at  B,  as  if  it 
originated  at  the  point  b,  etc.  The  intensity  of  the  force  wliich 
resides  at  these  different  centres  is  not,  however,  the  same 
intensity  at  a,  for  example,  is  less  than  at  b,  at  b  less  than 
etc.  It  gradually  increases  at  the  different  points  on  the  ei 
from  a  to  p. 

What  is  true  of  the  quadrant  A  P  must  be  true  of 
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qnadnnt ;  hence,  if  ilie  ev«lute  ap  is  revolved  on  its  ftxia,  O  p, 
II  like  Fur&icc  gciwratcd  would  be  the  locus  of  all  ttic  centres  of 
I^Hbaeti'ia  for  poiiito  on  the  upper  bomispbere  of  tlie  globe ;  aiid  if 
^^Bb  cToIule  a  ^  is  revulvud,  the  su^fa<^e  g(iiieratcd  would  be  Hid 
^^Hnu  of  &I1  Uw  cpotrce  of  attraction  for  points  ou  the  lower  bemi- 
^^■lero  of  tb«  glolie. 

^^Hlt  is  erkUiut.  from  the  above,  that  a  body  placed  at  the  equa- 
^^^.  and  a  Giaiilar  one  placed  at  the  pole  of  the  globe,  etuud  in 
I  fiffcroat  relofioDS  to  its  mass  as  a  wliole,  and  we  should  iiatu> 
rally  expect  lliat  tlicj  would  be  attracted  with  different  degrees 
of  Ibrce.  Newton,  Maclaurin,  Clairaut,  and  many  other  emineut 
giwmctcrs,  havo  calculated  how  great  the  variation  of  gravity, 
owing  lo  tlie  «lliptio  form  of  (he  earth  alone,  ought  to  be,  Jn  going 
ftnin  tlie  equator  to  the  pole,  and  the  rcsultti  of  their  calcula- 
tions coincide  almost  precisely  with  those  of  observation  given 
■boTft. 

It  has  also  been  proved  by  the  same  mathematicians,  that  the 
•etuol  form  of  the  earth  is  almost  precisely  that  which  would  re- 
mit fma  the  revolution  of  a  liquid  mass  of  the  same  volume  and 
detuntyonccia  twenty-four  hours ;  and  since  we  have  every  reason 
to  bdicvo  tdat  tho  globe  was  once  Quid,  and  that  it  is  even  so 
now,  with  tlie  exception  of  a  comparatively  thin  crust  on  its  sur^ 
boe,  it  follows  tliat  tho  cause  of  tlio  variation  of  grarity  just 
1  is  itself  an  indirect  result  of  the  centrifugal  force. 
1(610  Variatio»  of  the  hitetisitif  of  Gravity  as  we  rise  above 
f  Smtf ace  of  the  Earth.  —  Tho  law  by  which  the  intensity  of 
hvity  ii'orics  with  the  distance  from  the  centre  of  force,  can  he 
!Overod  by  studying  the  effect  of  the  earth's  attraction  on  the 
s  comparod  with  its  effect  on  bodies  near  its  surface.  The 
lan  dirtoncv  of  the  moon  from  the  centre  of  the  earth,  ts  about 
btty  limea  tho  earth's  equatorial  radius,  and  it  revolves  roimd  the 
^  in  an  orbit  which  is  very  nearly  circular,  in  27.S22  days. 
f  (69),  it  follows  that  tho  intensity  of  the  earth's  attraction  at 
1  is  just  equal  to  tho  centrifugal  force,  and  it  can  therefore 
B  calculated  by  substituting  lu  [43]  the  values  of  R  and  T  just 
given.  Halting  tliese  substitutions,  we  obtain,  for  the  value  of  the 
earth's  attraction  on  the  moon,  where  M  equals  the  ma^  of  the 
ion,  <?  =  Jtf  X  0.0027.  For  the  unit  of  mass,  then,  the  intensity 
fttbe  earth's  attmclion  at  tho  distance  of  the  moon  is  ^^=O.00:ZT. 
B  inlcji^iy  of  the  cartli's  attraction  for  bodies  on  tlie  equator 
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is,  as  we  have  seen,  g  =  9.7806,  which  is  about  8,600  times  greater 
than  0.0027.  For  bodies  as  distant  as  the  moon,  we  maj  consider 
the  attraction  of  the  globe  as  concentrated  at  its  centre  of  figorey 
and  hence  we  ma  j  regard  the  moon  as  about  sixty  times  as  distant 
from  the  centre  of  attraction  as  a  bodj  on  the  equator.  At  sixty 
times  the  distance,  then,  the  force  is  3600  (=  60')  times  less ; 
that  is,  the  inteusitj  of  the  force  of  gravity  yaries  inyerselj  with 
the  square  of  the  distance  from  the  centre  of  attraction.  Repre- 
senting, then,  by  g  and  g*  the  intensity  of  gravity  at  the  distances 
R  and  R^  we  have  always  the  proportion, 

g:g^  =  R':  R\  [46.] 

It  follows  from  the  above  discussion,  that  the  intensity  of 
gravity  must  vary  at  different  heights  above  the  sea-level  on 
the  surface  of  the  earth.  The  amount  of  this  variation  can 
easily  be  calculated  by  means  of  the  above  proportion.  Bepre- 
senting  by  g  the  intensity  of  gravity  at  the  searlevel,  by  g*  the 
intensity  at  an  elevation.  A,  and  by  R  the  radius  of  the  earth, 
we  have,  from  [46] ,  neglecting  the  variation  in  the  centrifugal 
force  at  the  two  heights, 

g:g^  =  <:R  +  hy:R^,    and    g  =  g^(M^,     [47.] 

When  A  =  1000  m.,  we  have  from  [47],  g  =  g'  1.0003.  The 
amount  of  variation  is  therefore  perceptible  at  any  considerable 
elevation  above  the  searlevel.  Hence,  in  studying  the  variation  of 
the  intensity  of  gravity  on  the  surface  of  the  earth,  it  is  import 
tant  to  reduce  the  results  of  observations  at  different  elevations 
to  the  searlevel  before  comparing  them.  This  can  always  be  done 
by  [47],  when  the  elevation  is  known. 

(62.)  Law  of  Gravitation.  —  Wo  proved,  in  (49),  that  the 
intensity  of  the  force  of  gravitation  is  directly  proportional  to 
the  quantity  of  matter  (the  mass)  on  which  it  acts,  and  in  the 
last  section  we  have  shown  that  the  intensity  of  the  force  of  grav- 
itation is  inversely  proportional  to  the  square  of  the  distance  of 
the  masses,  on  which  it  acts,  from  the  centre  of  attraction.  By 
combining  the  two,  we  have  the  well-known  law  of  gravitation, 
which  is  expressed  in  the  following  terms  :  —  All  masses  of  mal- 
ter  attract  one  another  with  forces  directly  proportional  to  the 
quantity  of  matter  contained  in  each^  and  inversely  proportional 
to  the  squares  of  their  distances  from  each  other. 
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tvered  in  16C6  by  Sir  Isaac  Nenrton 

■uses  the  fall  of  bodies 


ho. 


t  This  law  was  tiiGCovei 

rvflccting  oa  the  power  v 

rth,  Olid  coniiideniig  that  this  power  is  not  sensibly  dimin- 
ished, eren  at  the  top  of  tlio  highest  mountains,  conceived  that  it 
might  extend  far  beyond  tlio  limits  of  tlio  atmosphere,  and  even 
exert  its  influcnco  through  all  space.  It  may  bo,  he  thought,  this 
very  force  by  which  Uio  moon  is  retained  in  her  orbit  round  tliQ 
earth,  and  tite  wfaulu  planetary  t^ystem  round  the  sun.  In  order 
ipTeriiy  his  conjecture,  he  calculated,  on  the  same  piinciplc  used 
the  last  section,  tlie  attraction  of  the  earth  on  the  moon,  as- 
'taming  tiiat  the  force  must  diminish  in  tlie  inverse  ratio  of  the 
squ&rc  of  tlic  distance,  —  au  assumption  to  which  he  was  led  by 
the  relation,  previously  discovered  by  Kepler,  between  the  times 
of  revolution  of  the  planetjs  and  their  distances  from  the  sun. 
'Hie  result,  at  first,  did  not  answer  his  expectations,  because  he 
liad  used  in  the  calculation  a  value  of  the  earth's  radius,  and 
bcncu  also  of  the  moon's  distance,  which  was  much  too  small, 
lie  tlierefure  rejected  the  hypothesis  as  not  substantiated. 
era!  years  later,  Picard  measured,  with  great  accuracy  for  the 
ics,  an  arc  of  the  meridian  in  France ;  and  from  his  measure- 
uumt  it  appeared  that  the  radius  of  tlie  globe  was  nearly  one  sev- 
enth greater  than  had  previously  been  supposed.  Furnished  with 
these  new  data,  Newton  resumed  his  calculations  with  complete 
success,  and  in  1687  published  his  great  work,  the  Principia,  in 
which  t)io  consequences  of  this  great  law  were  developed  as  far 
as  ttte  astruriomioal  and  mathematical  knowledge  of  the  times 
would  permit. 

(Oil.)  Ahsolute  Weight.  -~  When  a  body  is  not  free  to  fall,  the 
force  which  gravity  exerts  upon  it  is  expended  in  pressure  against 
its  support.  This  pressure  is  called  absolute  weight.  The  abso- 
lute weight  of  a  book,  for  example,  is  the  pressure  which  it  exerts 
against  the  table  on  which  it  rests.  It  is  evident  that  this  pressure 
is  equal  to  Ute  intensity  of  the  force  with  which  the  book  is  attract- 
ed by  tlie  earth.  The  hiteusity  of  the  force  which  gravity  exerts  on 
&  l^ven  mass  of  matter  wo  have  represented  by  G  (49).  If,  then, 
rcpruseut  the  pressure  caused  by  tins  force,  or  the  absolute 
;iituf  the  same  massofmatter,  by  tU,  wehavetU^'j^.  Hence, 
Buhstitule  tU  for  G  in  [2G]  and  [2T],and!rhail  then  have 

tD=ilf.^,  [48.] 


■  S, 
(D;tff  =  Jf:  Jlf. 


[49.] 
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In  these  formulas^  tD  represents  weight  or  pressure ;  irhile  in 
[26]  and  [27]  O  represents  the  intensity  of  the  force  irhich  it 
the  cause  of  the  pressure.  In  this  work,  tD  always  stands  for  a 
certain  number  of  grammes,  and  O  for  a  certain  number  <tf  luiits 
of  force.  For  example,  let  us  suppose  that  the  quantity  of  mat- 
ter in  the  book  just  referred  to  is  equal  to  50  imits  of  mass ;  we 
should  then  know,  from  [26],  that  the  intensity  of  the  force  ex- 
erted by  gravity  upon  it  was  equal  to  490  units  of  force,  and, 
from  [48],  that  its  weight  was  equal  to  490  grammes.  In  the 
first  case,  6  s=s  50  X  9.8  ss  490  units  of  force.  In  the  second 
case,  to  =  50  X  9.8  s=  490  grammes.  The  numbers  in  the  two 
cases  are  precisely  the  same,  but  they  signify  dififorent  kinds  of 
units.  The  identity  of  the  numbers  arises  from  the  fact  that  the 
unit  of  force  is  equivalent  to  a  pressure  of  one  gramme,  so  that 
the  difference  between  O  and  tD  is  rather  nominal  than  real. 

It  follows  from  [49],  that  the  weights  of  bodies  are  pxopor- 
tional  to  the  quantities  of  matter  which  they  contain ;  in  other 
words,  that  a  body  which  contains  two,  three,  or  four  times  as 
much  matter  as  a  given  body,  will  also  weigh  two,  three,  or  four 
times  as  much.  This  fact  has  a  most  important  bearing  on 
chemistry,  since  the  chemist  is  enabled,  in  consequence  of  it, 
to  compare  the  various  quantities  of  matter  on  which  he  experi- 
ments, by  comparing  their  weights.  So  close  is  this  relation, 
that  in  common  language  we  confound  the  weight  of  a  substance 
with  its  mass ;  thus,  we  speak  of  ten  grammes  of  iron,  mean- 
ing thereby  a  quantity  of  iron  which  exerts  a  pressure  of  ten 
grammes.  It  must  be  remembered  that,  in  scientific  language, 
weight  always  means  pressure,  and  not  quantity  of  matter.  The 
word  is  most  commonly  used,  however,  to  denote  the  quantity 
of  matter  which  exerts  the  pressure. 

So  long  as  matter  is  neither  taken  from  nor  added  to  a  body, 
its  moss,  from  the  very  definition  of  the  term,  remains  constant. 
It  is  not  so,  however,  with  the  absolute  weight.  This  varies  with 
the  force  of  gravity,  and,  as  follows  from  [48],  it  is  directly  pro- 
portional to  the  intensity  of  this  force.  Hence,  the  absolute 
weight  of  a  body  increases  as  we  go  from  the  equator  to  the 
poles,  and  diminishes  as  we  rise  above  the  surface  of  the  earth, 
^t  is  very  different  on  the  different  planets  and  on  the  sun.  A 
body  weighing  a  kilogramme  on  the  earth  would  weigh  about  28 
kilogrammes  on  the  sun,  about  2.6  kilogrammes  on  Jupiter,  and 
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onlj"  about  ICO  grammes  on  tho  moon.  Oa  the  surface  of  the 
globe,  liowcvcr,  the  possible  variation  of  weight  is  but  small, 
■mountiniD:  at  moGt  to  ^^  of  tho  whole.  Calling  tliis  in  roiind 
numbftn  ji,,  it  will  bo  found  that  a  body  weighing  one  Itilo- 
gnunmo  at  the  equator  would  weigh  1  kilog.  5  gram,  at  tho  polos. 
(04.)  French  ^ttem  of  Weights.  —  Weight  is  estimated  by 
wbitrarity  assuming  a  unit  of  weight,  and  then  comparing  tlio 
pressure  exerted  by  other  bodies  with  that  exerted  by  llie  unit. 
II!,  for  example,  this  pressure  in  a  given  case  is  found  to  Ijo  ton 
limes  u  great  as  that  of  the  unit,  the  body  is  said  to  veigh  ton 
gnunmes,  or  ten  pounds,  as  the  unit  may  be  denominated.  The 
Fnnch  hare  assumed,  as  their  unit  of  weight,  the  pressure  ez< 
ertod  by  one  cubic  centimetre  of  pure  water  at  4°  C.  (its  point  of 
nazimum  density)  in  a  vacuum,  and  at  tho  latitude  of  Paris. 
'Vhia  unit  they  call  a  gramme.  The  gramme  is  multiplied  and 
Ided  decimally,  and  ttio  names  given  to  these  multiples  and 
ib^Tisions  aro  analogous  to  those  used  in  tho  case  of  tlie  metre. 
Thus  ve  have  tho 

French  Si/stem  of  Weights. 

Cflof^mmc,     1000  gram.  Gramme,  1.000  gram. 

I     Uectogrammo,    100     "  Decigramme,    0.100      " 

Decagramme,        10     "  Centigramme,  0.010      " 

Gramme,  1     "  MiLlegramme,  0.001      " 

It  follows  from  the  last  section,  that  a  mass  of  brass  whose 
veiglit  is  ono  gramme  at  Paris  would  weigh  less  than  a  gramme 
at  a  lower  latitude,  and  more  than  oue  gramme  at  a  latitude 
higher  tlian  that  of  Paris.  Hence,  the  wciglit  of  oue  cubic 
c«ntimetre  of  water  at  4°  C,  and  in  a  vacuum,  is  ttie  standard 
gramme  only  at  the  latitude  of  Paris. 

Tlio  great  advantage  of  tliis  system  of  weights  in  all  scientific 
investigations  ari^s  from  the  very  simple  relation  which  exists 
between  it  and  tho  system  of  measures  already  described.  This 
is  BO  simple,  that  it  is  almost  always  possible  to  calculate  tlie 
weight  of  a  substance  from  its  volume,  and  the  reverse,  mentally, 
tiie  specific  gravity  of  the  substance  is  known.    Tho  French 

ilciD,  lioth  of  weights  and  measures,  is  exclusively  used  in  this 

iui&e. 

(C5.)  Sffttem  of  Weights  of  the  United  States  and  of  Eng- 
tamd,  —  In  lliis  country  and  iu  England  two  unlirvljr^ 
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units  of  weight  are  in  use,  called  the  Troy  Pound  and  the 
Avoirdupois  Pound.  These  units  are  entirely  arbitrary,  and 
are  represented  by  certain  masses  of  metal,  which  have  been 
declared  by  law  to  be  the  legal  standard  of  weight.  These  xmia 
bear  to  each  other  the  relation  of  144  to  175,  and  do  not  agree 
in  any  of  their  subdivisions  except  the  grain.  The  Troy  pound 
contains  5,760,  and  the  avoirdupois  pound  7,000  grains,  all  of  the 
same  value.  The  actual  legal  standard  of  weight  in  the  United 
States  is  the  Troy  pounds  copied  by  Captain  Kater,  in  1827,  from 
the  imperial  Troy  pound,  for  the  United  States  Mint,  and  pre- 
served in  that  establishment.  This  pound  is  a  standard  at  80 
inches  of  the  barometer  and  GS"*  of  the  Fahrenheit  thermometer.^ 
The  English  standard  of  weight  is  connected  with  that  of  meas- 
ure, by  the  enactments  that  277.274  cubic  inches  shall  constitute 
the  Imperial  Gallon^  and  that  the  weight  of  this  volume  of  pure 
water,  weighed  in  air  of  30  inches'  pressure  at  62°  F.,  shall  be 
taken  as  10  avoirdupois  pounds,  or  70,000  grains.  Tables  of  the 
subdivisions  of  the  two  units,  showing  their  relations  to  the 
French  system,  will  be  found  at  the  end  of  this  Part,  in  connec- 
tion with  the  other  tables  of  weights  and  measures. 

(66.)  Specific  Weight.  —  The  specific  weight  of  a  substance 
is  the  weight  of  one  cubic  centimetre  of  the  substance,  and  there- 
fore bears  the  same  relation  to  the  weight  that  the  density  does 
to  the  mass  (15).  If,  then,  we  represent  specific  weight  by 
^.  Id,  we  have 

^.to  =  ^.  [50.] 

The  specific  weight  of  copper,  for  example,  at  Paris,  is  equal  to 
8.921  grammes.  The  term  specific  weight  must  not  be  con- 
founded with  specific  gravity,  wliich  will  be  explained  in  (69). 

The  specific  weight  of  a  substance  is  evidently  variable,  and, 
like  the  absolute  weight,  depends  on  the  intensity  of  the  force  of 
gravity. 

(67.)  Unit  of  Mass.  —  In  assuming  a  imit  of  weight,  we  have 
also  established  a  unit  of  mass.  If,  in  [48],  we  substitute  for  M 
unity,  and  for  g  the  intensity  of  gravity  at  Paris,  the  value  of 
tJD  becomes 


*  Report  on  Weights  and  Measures,  bj  Professor  A.  D.  Bache.    Thirty-fonrth  Con- 
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ID  =  9^096  grammes ;  [51.] 

tliat  18,  the  unit  of  mass  weighs  at  Paris  9.8096  gram.  Any 
qnantitj  of  matter,  then,  which  weighs  at  Paris  9.8096  gram., 
is  the  imii  of  mass.  Tlie  weight  of  the  uuit  of  mass  evidently 
varies  with  the  intensity  of  gravity ;  thus,  at  the  polos  the  unit 
ct  mass  weighs  9.8816  gram.,  at  the  equator  it  weighs  9.7806 
gram.  The  differences  are  very  much  greater  on  the  surfaces 
of  the  son,  moon,  and  planets ;  thus,  on  the  sun  the  unit  of 
mass  weighs  about  277.5  gram.,  on  the  moon  about  1.654  gram., 
and  on  the  planet  Jupiter  about  26.248  gram.  In  general,  a 
quantity  of  matter  which  weighs  as  many  grammes  as  the  number 
which  expresses  the  intensity  of  gravity  at  the  place  of  observa- 
tion, is  equal  to  the  unit  of  mass. 

From  equation  [48]  we  have,  by  transposition,  JIf  =  — .  Hence, 

in  order  to  find  the  number  of  units  of  mass  of  which  a  body 
consists,  we  have  only  to  divide  its  weight  in  grammes  by  tlie  in- 
tensity of  gravity  at  the  place  of  observation.  For  example,  500 
grammes  of  iron  at  Paris  contain  ^ifu  =:  50.98  units  of  mass. 

(68.)  Density.  —  The  density  of  a  substance  has  been  defined 
as  the  mass  of  one  cubic  centimetre  of  the  substance  (15),  and 

Af  tU 

from  [1]  we  have  D=  -p,  or,  substituting  for  M  its  value,  — , 

and  then  for  -p  the  sjmbol  i^.  10,  we  obtain 

D  =  -—,  =  ^*?  (««a»  of  mass).         [.02.] 

H  (^21 
The  density  of  copper,  for  example,  is  equal  to  ^'  .^    ««  0,909 

unit  of  mass.  Density  has,  therefore,  the  t^ame  relatiou  t/>  tf[>e- 
dfic  weight  that  mass  has  to  weiglit.  It  is  always  equal  t/>  tii^ 
weight  of  one  cubic  centimetre  of  the  subfetance  divided  by  th^ 
intensitr  of  gravity.  It  is  evidently  a  eoxictaut  quaijtity,  aud 
does  not  vary  with  the  intensity  of  gravity. 

(69.)  Specific  Gravity.  —  The  specific  gravity  of  a  tuUtan';e 
is  the  ratio  of  its  absolute  weight  to  that  of  an  equal  voluiiy^  ^/f 
pure  water  at  4*  C.  and  at  the  6ame  locality.  If  (0  rqyr<:rbi^iU 
the  absolute  weight  of  the  substance  at  arjr  plbce,  aiid  tD'  ti^ 
of  an  equal  vcJume  of  wau^r  at  tL^  «ux^  place,  tbeu 
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Moreover,  since  tl)  b=  jlf .  j-,  and  iD'  s=s  jtf  ' .  g-,  we  have,  also, 

« 

Hence  the  specific  gravity  of  a  substance  is  likewise  the  ratio  <^ 
its  mass  to  the  mass  of  an  equal  volume  of  water.  It  is,  there- 
fore, like  the  density,  a  constant  quantity,  and  does  not  vary  with 
the  intensity  of  gravity. 

In  tlie  French  system,  one  cubic  centimetre  of  water  at  4*  C. 
weighs  at  Paris  one  gramme,  and  hence  at  Paris  tlie  weight  in 
grammes  of  a  given  volume  of  water  at  4*  G.  is  always  equal  to 
the  number  of  cubic  centimetres.  "^  We  may  therefore  substitute 
in  [53],  for  (iK,  the  volume  in  cubic  centimetres.  If  we  also 
designate  by  W  the  absolute  weight  of  a  body  at  Paris,  and  by 
Sp.  W.  the  specific  weight  at  Paris,  we  can  obtain  from  [58] 
and  [50], 

Sp.  Gr.=  y==Sp.W.  [55.] 

From  this  equation,  it  appears  tliat  the  numbers  expressing 
the  specific  gravity  of  a  substance  and  its  specific  weight  at 
Paris  are  always  the  same  in  tlie  French  system.  The  difference^ 
however,  between  the  two  is  an  essential  one.  Sp,  W,  always 
stands  for  a  certain  number  of  grammes,  but  ^.  Gr.  is  a  ratio. 
Wlien  we  say  that  the  specific  weight  of  copper  is  8.921  grammes^ 
we  mean  that  one  cubic  centimetre  of  copper  weighs  at  Paris 
this  number  of  grammes ;  but  when  we  say  that  the  specific 
gravity  of  copper  is  8.921,  wo  merely  mean  that  a  volume  of 
copper  weighs  8.921  as  much  as  the  same  volume  of  water.  The 
first  number  is  variable,  depending  on  the  unit  of  weight  used ; 
tlie  last  is  invariable,  and  hence  the  same  with  all  systems  of 
weights.  It  is  only  in  the  French  system  of  weights  that  the  two 
numbers  are  the  same. 

We  can  easily  obtain  from  [55], 

r=  ^-^,    and     Tr=  F.  Sp.  Gr.         [66.] 

These  simple  formulas  should  be  remembered,  as  they  will  be 
constantly  used  in  the  course  of  this  work. 

It  is  more  usual  to  refer  the  specific  gravity  of  gases  to  air, 
as  a  standard  of  comparison,  than  to  water.  It  will  be  shown 
hereafter  that  the  weight  of  a  given  volume  of  air  varies  very 
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S;re«t]5,  boUi  wilh  tiio  temperature  and  the  fttmospliorio  pressure 
to  vUicU  it  is  exposed  ;  and  it  is  tiiereforo  essential,  in  using  air 
OS  K  »taudard  of  comparison,  to  adopt  arbitrarily  a  certain  teiu- 
per^tire  and  pressure,  at  wliicli  it  shall  bo  considered  as  tlio  Etoiid- 
ard.  The  tcnijicrature  which  has  been  generally  agreed  upon 
0*  C,  and  the  pressure  which  lias  been  adopted  is  that  cor- 

□ding  to  a  height  of  76  c.  ra.  of  the  barometer. 
Wo  may  then  define  Uie  specific  gravity  of  a  gas  as  the  ratio  of 
weight  to  that  of  an  equal  volume  of  air  at  0°  C.  and  under  a 
are  of  7ti  c,  ra.  Kcpresenting  by  W  the  weight  of  a  given 
ilutnc  of  gas  at  Paris,  and  by  W'  and  W"  the  weights  respec- 
tiirely  of  tlie  same  roluinea  of  water  and  air  at  the  standard  tern- 
[Kraturcs  and  pressure,  —  also  representing  by  Sp.  Gr,  the  spe- 
cific gravily  of  the  gas  referred  to  water,  and  by  Sp.  Gr.  the 
qMtcific  gravity  referred  to  air,  —  we  have 


>.Gr.  =  -i 


aud    Sp.  Gr.  =  -: 


p-.] 


»[  When  the  specific  gravity  of  a  given  substance  is  referred  to 
ODe  stoudard,  it  is  frequently  required  to  calculate  its  specific 
gravity  with  reference  to  the  other,  or,  in  technical  language,  to 
ndacc  tlie  specific  gravity  to  the  other  stuudard.  For  lliis  pur- 
pose, we  know  that  tlio  specific  granty  of  air  with  reference  (o 
water  18  equal  to  0.001293C3.  Hence,  ~  =  0.00129363,  and 
by  sabstituting  the  value  of  W,  obtained  from  tlus  in  [57],  we 
^^BBXi  «wily  obtain 

^B  Sp.  Gr,  =  Sp.  Gr.  0.00129363,  [u8.] 

^^&  fonnuU  by  means  of  which  the  reduction  can  easily  be  made. 
^^H   ^  table  ^ving  the  sjiccific  gravities  of  some  common  suhstonocs 
^^Rri]l  bo  found  at  the  end  of  this  Part. 

^^B  ("O")  ^'"^  of  Fofce.  —  Tlie  unit  of  force  has  been  defined  as 
tliat  force  which,  actmg  on  the  unit  of  mass  during  one  second, 
will  impress  upon  it  o  velocity  of  one  metre  (29).  Since  the 
unit  of  mass  weighs  at  Paris  9,810  grammes,  we  can  also  define 
Ibo  anit  of  force  as  that  force  which,  acting  during  one  second, 
will  impress  on  9.810  grammes  of  matter  a  velocity  of  one  metre. 
Moreover,  it  follows  from  [14]  that  a  force  which  will  impress 
dnriug  owe  second  a  velocity  of  one  metre  on  9.810  grammes  of 
sr,  18  equal  to  the  force  which  will  impress  a  velocity  of  9.810 
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motres  on  one  gramme  of  matter.  But  this  force  is  tlie  same  as 
the  force  exerted  by  gravity  on  one  gramme  of  matter.  In  other 
words,  it  b  equal  to  the  weiglit  of  one  gramme.  We  have,  then, 
a  new  measure  for  our  unit  of  force.  Tlie  unit  of  force  is  the 
force  exerted  in  pressure  by  the  unit  of  weight.  "WTiou  a  weight 
of  ten  grammes,  for  example,  ia  suspended  to  a  fixed  point, 
the  pressure  exerted  by  that  weight  is  equivalent  to  ten  units  of 
force. 

(71.)  Relative  Weight.  —  There  are,  in  general,  two  methods 
by  which  the  weight  of  a  body  (that  is,  the  pressure  which  it  ex- 
erts) may  be  determined. 

Tlie  first  method  consists  in  balancing  the  pressure  against 
spring,  and  determining  tbo  weight  from  the  amount  by  which 
spring  is  bent.  An  instrument  for  this  purpose  is  represented 
Fig.  35,  It  consists  of  a  steel  spring,  bent  in  the  form  of  a  V. 
To  the  end  of  the  lower  arm  ia  fastened  an  iron  arc,  which  passes 
freely  through  an  opening  in  the  upper  arm,  and  ends  in  a  ring. 
To  tlic  end  of  the  upper  arm  a  similar  iron  arc  is  fastened,  which 
passes  through  an  opening  in  the  lower  arm,  and  terminates 
iu  a  hook.  In  using  the  instrument,  the  body  to  be  weigliod 
is  buspcnded  by  the  hook,  as  in   Fig,  35,  and 

■  the  number  of  grammes  by  which  the  spring 
is  bent  is  then  read  off  on  the  graduated 
arc.  Sucli  an  instrument  is  called  a  spring^  bal- 
ance, and  indicates  at  once  the  absolute  weight 
of  a  body.  Could  it  be  made  sufficiently  deli- 
cate, it  would  show  that  the  absolute  weight  of 
a  body  varied  on  the  earth's  surface,  gi-adually 
increasing  from  the  equator  towards  tlie  jxiles. 
.Such  an  iustrumeut  would  give  the  absolute 
weight  of  a  body. 
Kg.  35.  Tlie  second  method  consists  in  preparing  a 

of  so-called  weights,  which  are  masses  of  brass  or  platinum  wei 
ing  exactly  one  gramme,  or  some  multiple  or  fraction  of  a  gra; 
at  Paris.  The  weight  of  a  body  is  then  estimated  by  balancing 
against  these  weights  in  a  well-known  instmmont  called  the  bal- 
ance. The  balance  is  merely  a  form  of  the  lever,  so  constructed 
that,  when  equal  pressures  are  exerted  on  its  two  pans,  the  tieam 
stands  in  a  horizontal  position.  The  body  to  be  weiglied  ia 
1  in  one  pan,  and  tlien  weights  are  added  to  the  other  ontil 
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the  beam  of  tho  balanco  rosts  in  a  liorizontal  position.  The  Eum 
of  th<^■ic  weights  thca  intlicutcs  the  vciglit  of  tlio  body.  At  Paris 
the  baliinco  indicates  at  oiico  the  absolute  weight  of  a  body,  but 
not  nccossarily  so  at  other  places  on  the  eartli's  surface.  To  iU 
lu?trato  this  point,  let  us  8uj)pose  that,  in  weighing  at  Paris,  it 
nNjuired  ten  grammes'  weight  in  one  pan  of  the  balance  to  eqiii- 
pcNse  tho  body  in  tho  other  pan.  Suppose,  now,  that  we  trans- 
port the  whole  apparatus  to  some  point  on  tlie  equator.  It  is 
ttvident  tlial  our  gramme  weights  no  longer  weigh  one  gramme 
each,  but  Gomething  less,  by  an  amount  easily  calculated  from 
Uie  diminution  in  tho  intensity  of  gravity,  NevcrtbclcsH,  since 
the  body  baa  lost  weight  in  tho  same  proportion,  it  will  still 
bo  balanced  by  the  ten  gramme  weights,  and  go  it  would  be  all 
oror  tlie  globe.  This  weight,  which  is  frequently  called  relative 
frkt,  will  always  bo  designated  in  tiiis  work  by  W,  in  order  to 
iftingnish  it  &onl  the  absolute  weight  at  other  localities,  which 
e  have  already  designated  by  to.  Hence  we  have,  from  [48], 
W=M.QM9Q,     and     in  =  M .  g,  [59.] 

a  the  force  of  gravity  at  any  given  locality, 'and  hence  at 
,  does  not  vary,  it  follows  that  the  relative  weight  of  a  body, 
r  W,  u  a  constant  quantity  ;  the  same  at  any  point  on  tho  sur- 
e  of  our  globe,  and  the  same  on  the  sun,  utoon,  and  planets 
t  it  U  on  the  earth. 

[  Wo  can  easily  find  the  absolute  weight  of  a  body  at  any  local- 
',  when  ita  rclativo  weight  is  known.  Representing,  as  aliove, 
'  W  tho  relative  weight  of  the  body,  and  by  to  the  absolute 
ttight  required  at  the  j>laeo  in  question,  wo  have,  from  [of], 

to  :    W=M.g-  :  iW.O.SOOfl,  [CO.] 


to=ir- 


[Gl.] 


B  absolute  weight  of  a  body  at  any  place  is  equal  to  tho 

■Tcight  at  Paris  (or  the  relative  weight  of  tho  body  at  tlio 

ntiltipUod  by  tho  ratio  bctwecu  the  intensity  of  gravity  at 

e  place  and  that  at  Pariti, 

[  Relative  weight  is  the  direct  measure  of  the  mass  of  a  body. 

tenting  by  m   the  mass  of  the  unit  of  weight,  we  have 

1  iff-.:=«i.  9.8096.     By  comparing  this  equation  with    fV== 

M. 9.6096  we  obtain  W=—;  that  is,  the  relative  weigbL 
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body  indicates  the  quantity  of  matter  which  it  contains,  compared 
with  that  contained  in  one  cubic  centimetre  of  water  at  4^  C.  It 
is  therefore  a  legitimate  measure  of  the  quantity  of  matter  eon- 
tained  in  a  body,  and  the  word  weight  is  almost  exclusively  used 
in  this  sense  in  chemistry,  as  it  is  in  common  life. 

MECHANICAL  POWERS. 

(71  5i8.)  Machines.  —  By  the  aid  of  wheels,  rods,  bands  or 
cords,  and  inclined  surfaces,  power  may  be  readily  transmitted 
from  one  point  to  another,  and  the  intensity,  direction,  point, 
and  mode  of  application  of  the  acting  force  varied  in  a  multi- 
plicity of  ways.     The  numerous  contrivances  by  which  such 
changes  are  effected  are  termed,  in  general,  machine$.    All  mst- 
chines,  however  complicated  their  structure,  will  be  found  on 
examination  to  consist  of  a  limited  number  of  simple  parts,  gen- 
erally called  mechanical  powers,  or  simple  machines.    Among 
these  we   usually   distinguish  six ;  viz.  the  lever,  the  wheel  and 
axle,  the  pulley,  the  inclined  plane,  the  wedge,  and  the  screw. 
Of  each  of  these,  however,  there  are  many  varieties ;  and  the 
skill  of  the  inventor  is  shown  no  less  in  adapting  these  parts  of 
his  machine  to  their  special  purpose,  than  in  combming  the  parts 
so  that  they  shall  act  harmoniously  together  to  produce  the  d^ 
sired  result.     A  description  of  the  various  mechanical  powora, 
or  of  their  important  applications,  is  entirely  beyond  the  soope 
of  this  work.    There  is,  however,  one  important  general  princi- 
ple connected  with  the  subject  which  may  be  noticed  in  passing. 
A  machine  transmits  power  without  increasing  it  in  the  slightest 
degree.    Indeed,  more  or  less  power  is  always  lost  during  the 
transmission,  in  overcoming  friction  and  other  causes  of  resist- 
ance.   The  use  of  a  machine  is  to  adapt  power  to  the  work  to 
be  done.    It  may  change  the  direction  or  the  velocity  of  the 
motion  caused  by  the  power ;  it  may  change  the  mode  of  action 
of  the  power ;  it  may  change  the  intensity  of  the  power^  And 
enable  a  feeble  force,  by  acting  through  a  great  distance,  or 
during  a  long  time,  to  overcome  a  great  resistance.    It  may 
modify  the  action  of  the  power  in  an  infinite  variety  of  ways,  so 
as  to  produce  the  useful  effects  of  which  machinery  is  capable, 
but  it  will  be  found  in  every  case  that  the  work  done  by  the  ma- 
chine is  the  exact  equivalent  of  the  power  it  receives.    One  only 
of  the  mechanical  powers  requires  further  notice  in  this  work. 


GXNSRAL  PROPERTIES  OF  KATTER. 


97 


THE  BALANCE. 

(72.)  Lever.  —  Before  studying  the  theory  of  the  balance,  it 
k  important  to  consider  the  general  theory  of  the  lever,  of  which 
file  balance  is  only  a  single  example. 

A  lever  is  any  rigid  bar,  A  B  (Fig.  86),  resting  on  a  point,  c, 
round  which  two  forces  tend  to  turn  it  in  opposite  directions. 


^'"^ 


#^ 


Tlf.8& 


V1(.  87. 


The  point  c  is  called  ih^  fulcrum.  The  force  applied  at  A  is  called 
the /Mnr^r,  and  the  force  applied  at  B  is  called  the  resistance^  or 
the  weight.  Levers  are  commonly  divided  into  three  kinds,  ac- 
cording to  the  position  which  the  fulcrum  has  in  relation  to  the 
power  and  the  weight.  If  the  fulcrum  is  between  the  power  and 
the  weighty  as  in  Figs.  36, 87,  the  lever  is  of  the  £lrst  kind.    If 


Vig.  88. 


ng.89. 


the  weight  is  between  the  fulcrum  and  the  power,  as  in  Fig.  38, 
the  lever  is  of  the  second  kind.    If  the  power  is  bel 
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L  Fig-  30,  the  lover  is  of  ihe  third 


b 


fulcrum  and  the  weight, 
kind. 

Ill  the  three  kinds  of  lever,  tho  perpendicular  distances  from 
the  fulcrum  to  the  lines  of  dircctiuu  of  the  two  forces  are  called 
the  arms  of  the  lever.  If  the  lover  is  straight,  and  pcrjieudicular 
to  the  directions  of  both  of  tlio  two  forces,  tlie  two  portions  of 
the  lever,  A  c  and  B  c,  Fig,  3l3,  are  themselves  the  arms  of  tbo 
levor.  If,  however,  the  lever  is  not  Btraight,  or  is  ineliued  bi 
the  directiou  of  one  or  botli  of  the  forces,  the  arms  of  tho  levor 
are  tho  perpendiculars,  a  c  and  b  c,  Fig.  37,  a  O  and  b  O,  Fig.  40, 
let  fall  from  tho  fulcrum  on  these  directions. 

In  order  that  the  two  forces  applied  to  the  lever  should  be 
equilihrium,  three  conditions  are  essential :  — 

1st.  The  lines  of  direction  of  the  two  forces  must  bo  in 
sarae  plane  with  the  fulcrum. 

2d.  The  two  forces  must  tend  to  turn  Uic  lever  in  opposite 
rections. 

3d.  The  intensity  of  tho  two  forces  must  be  to  each  other  in- 
versely as  tho  lengths  of  the  arms  of  the  lever  to  which  ihey  may 
be  regarded  as  applied. 

That  these  three  conditions  are  essential  t«  equilibriiun  can 
easily  be  proved.     In  the  first  place,  it  is  eWdont  that  tlie  two 
forces  cannot  be  in  equilibrium,  unless   tho  direction  of  Iheir^ 
resultant   passes   through    the    fulcrum.     Now  it  can  eaeily 
proved,   that,  unless 
two    forces    are    in 
same    plane,     they 
have    no    single    r 
aut;    and   hence   fol 
tho  necessity  of  the 
condition.    In  the 
place,  let  us  suppoi 
40,  tliat   .4  Q   and 
are  the  lines  of  direol 
of  two  foi-ecs  in  tlie 
plane   with   the   fiili 
P,„  ,fl  O,  and  that  C  is  tho  jwint 

where  these  dii'ectioiis 
terscct;  then,  in  order  that  tho  direction  of  the  resultant  { 
should  pass  through  O,  it  is  evident  that  tlio  directions  of 
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npnncnU  should  be  sudi  that  tlioy  woiUd   tend  to  turn   Hie 
nrcr  ia  opposite  direclioiis. 

I  The  necessity  of  tlio  Uiird  coiidition  will  be  most  readily  seeu 
Ffitadicd  under  two  cases.  In  tlie  first  ^loce,  let  us  uke  the 
1  wbcru  tlio  two  forces  are  parallel,  as  in  Fig.  ST.  It  has  been 
proved  ^uT)  that  tlie  point  of  application  of  the  resultant  of  two 
parallel  forces  divides  tlie  line  joining  the  poiou  of  application 
of  the  components  into  two  parts,  which  are  inversely  propor- 
"  to  the  intensities  of  the  forces.  Hence  it  follows,  that, 
i  order  that  Iho  direction  of  the  resultant  in  Fig.  37  should  pass 
!ongh  the  fulcnim,  the  two  forces  applied  at  A  and  B  must  be 
pcly  proportional  to  Ac 
Htd  Jt  c,  and  hence  also  to 
pe  and  be,  wliicb  arc  the 
B  of  the  lever.  In  the 
md  placo,  let  us  supfiosc 
Ihat  tlio  directions  of  tlio 
i  arc  not  parallel,  as 
1  Fig.  41.  In  Iliis  Figiirc, 
1 Q  and  B  P  represent 
the  directions  of  the  forces, 

*liich  ire  will  represent  by  F  and  F',  and  a  O  and  b  O  the  arms 

of  (lie  lover.     By  the  principle  of  (32) ,  the  offbct  of  these  forces  ts 

the  aune  &s  if  they  were  applied  respectively  at  a  and  i>,  points 

which  we  may  consider  as  immovably  united  to  the  lever.     From 

O  extend  the  line  b  0  until  it  intersects  the  direction  A  Q  &t  a 

Lpoint  e.     By  the  same  principle  as  above,  the  effect  of  the  force 

tpF  is  the  same  as  if  it  were  applied  at  c.    We  can  now  evidently 

reonadcr  this  force  as  made  up  of  two  others  perpendicular  to 

0Ufa  other,  one  acting  ui  the  direction  0  c,  whiuh  will  be  neu- 

tfalized  by  the  resistance  of  tlie  fixed  point  0,  and  the  other  bj 

the  direction  c  q  parallel  to  B  P.     Complete  the  parallelogram, 

■nd  let  us  suppose  that  F=  c  Q,  and  hence  that  the  component 

pniallel  Ut  B  P  h  equal  to  c  y.     It  follows  now,  from  the  proof 

gtren  above,  that  there  can  only  bo  equilibrium  when 

J"X0J  =  «JX0«,     or     c,i=°-^^/-. 

But  from  the  similarity  of  Uie  triangles  cq  Q  and  e  0  a,  we  have 
Cf:  Oa  =  cQ:  Oe,  and  by  substituting  for  cQ  and  cq  their 
values  just  given 
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F' :  Oa^F  I  Ob.  [66.] 

It  is,  then,  also  a  condition  of  equilibrium,  that  the  two  forces 
should  be  to  each  other  inverselj  as  the  lengths  of  the  arms  of 
the  lever,  the  point  which  was  to  be  proved.  We  have  proved 
the  validity  of  the  three  conditions  of  equilibrium  for  the  first 
kind  of  lever  only ;  but  this  proof  can  easily  be  extended  to  the 
second  and  third  kinds  of  lever. 

It  follows  from  what  has  been  said,  that  the  tendency  of  the 
power  to  turn  the  lever  may  be  augmented  either  by  increasing 
the  amount  of  the  power,  or  by  increasing  the  length  of  the  arm 
of  the  lever  on  which  it  acts  ;  that  is,  by  increasing  the  perpen- 
dicular distance  of  the  direction  of  the  force  from  the  fulcrum. 
In  either  case,  the  effect  will  be  increased  in  a  corresponding 
proportion.  Thus,  if  we  remove  the  power  to  double  its  distance 
from  the  fulcrum,  we  shall  double  its  effect ;  and  if  we  remove  it 
to  Jialf  the  distance,  we  shall  diminish  its  effect  by  one  half.  The 
perpendicular  distance  of  the  direction  of  a  force  from  the  ful- 
crum is  called  its  leverag^e ;  and  it  is  evident  that  the  effect  of 
any  force  applied  to  a  lever  wiU  be  proportional  to  its  leverage. 

From  proportion  [65]  we  obtain,  by  multiplying  together  the 
extremes  and  the  means,  F  X  Oa=i  F*  X  Ob.  The  product 
of  the  intensity  of  a  force  by  the  length  of  the  perpendicular  let 
fall  from  a  fixed  point  to  the  line  of  direction  of  the  force,  is 
called  the  moment  of  the  force  with  respect  to  the  point.  Since 
O  a  and  O  b  are  such  perpendiculars,  it  follows  that,  when  a  lever 
is  in  equilibrium,  the  moments  of  the  power  and  resistance  are 
equal. 

(73.)  T%e  Balance.  — The  instrument  by  means  of  which  the 
weight  of  a  substance  is  compared  with  the  unit  of  weight,  is 
called  a  Balance.  It  is  generally  made  of  brass,  and  consists 
essentially  of  an  upright  pillar  supporting  a  beam,  B  jB,  Fig. 
42,  which  turns  upon  a  knife-edge,  placed  exactly  at  the  mid- 
dle of  its  length.  From  the  two  ends  of  the  beam  are  sus- 
pended the  pans,  in  which  the  weights  to  be  compared  are 
placed.  The  knife-edge  is  formed  by  a  triangular  steel  prism. 
passing  through  the  beam,  whose  axis  is  exactly  at  right  angles 
with  the  plane  of  the  beam.  The  lower  edge  of  the  prism  is 
sharp,  and  rests  upon  an  agate  plane,  so  as  to  make  the  friction  as 
small  as  possible.  For  the  same  reason,  the  hooks  by  which  the 
pans  are  suspended  rest  also  on  knife-edges.     These  knife-edges 
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1  perpendJcularlf  to  the  plane  of  the  beam,  and  on  tlie 
rel  as  the  fulcrum.     The  fulcrum  is  so  placed  tbat  the 
t  of  grarity  of  tlie  beam  shall  be  slightly  below  it,  so  that 


vhcn  in  equilibrium  the  beam  vill  tend  to  come  to  rest  in  a 
horizontal  position.  The  centre  of  gravity  can  be  adjusted  by 
meatu  of  the  button  C,  Fig.  42,  which  can  be  moved  up  or  down 
on  the  Gcrew  to  which  it  Is  fastened.    The  long  index-rod  attached 

^(o  Ute  beam  below  the  knife-edge  indicates,  by  the  graduated  arc, 
Mien  the  beam  is  horizontal.  Wtica  the  balance  is  not  in  use, 
tte  beam  can  be  lifted  off  from  its  bearing,  and  supported  upon 
iba  bni»s  arms  £,  E.  These  are  attached  to  the  cros»-piece  a  a, 
which  can  be  raised  or  lowered  by  turning  the  thumb-screw  O. 
Th«  motion  of  the  cross-piece  is  directed  by  tlie  two  pins  A,  A, 

^1rhidl  play  loosely  through  holes  at  its  two  ends. 
\  A  balance  is  evidently  a  lover  with  equal  arms,  and,  according 
Id  tho  principle  of  tlic  lever,  if  equal  weights  are  placed  in  the  two 
|MUtBt  ttiey  will  exactly  balance  each  other.  The  balance,  there- 
fore, enables  us  to  compare  the  weight  of  a  substance  with  the 
unit  of  wpjpht,  "SPe  hare  simply  to  place  the  substance  in  one 
1  of  the  balance,  and  then  add  weights,  which  have  been  ad- 
stcd  by  the  standard  unit,  to  the  other,  until  tho  beam  assumes 
^horisontal  position,  or  until  it  vibrates  to  an  equal  distance  oa 


102  CHEMICAL  PHYSICS* 

both  sides  of  this  position,  —  as  can  be  obserred  bj  the  motion  of 
the  index  over  the  graduated  arc.  The  sum  of  the  weights  re- 
quired to  balance  the  substance  is,  then,  its  relative  weight  in 
terms  of  the  unit  of  weight  employed. 

The  usefulness  of  a  balance  depends  upon  two  points, — 1st,  its 
accuracy  J  and,  2dl7,  its  sensibility  to  slight  differences  of  weight. 
An  examination  of  the  conditions  on  which  these  depend,  will 
lead  us  to  imderstand  better  the  principle  of  this  very  important 
instrument.  From  the  mode  in  which  the  pans  of  a  balance  are 
suspended,  it  is  obvious  that  we  may  regard  their  whole  weiglit 
as  concentrated  on  the  knife-edges  at  the  ends  of  the  beam.  In 
a  theoretical  consideration  of  the  subject,  we  may  therefore  leaye 
the  pans  entirely  out  of  view,  and  consider  any  weight  placed  in 
them  as  directly  applied  to  the  knife-edges,  thus  reducing  the 
balance  to  a  straight  lever.  From  another  point  of  view,  the 
whole  weight  of  the  beam  and  pans  may  be  considered  as  con- 
centrated at  the  centre  of  gravity,  when  the  balance  becomes  a 
pendulum,  whose  point  of  suspension  is  the  fulcrum  of  the  beam. 
These  two  mechanical  principles,  combined  in  the  balance,  have 
constantly  to  be  kept  in  view  in  studying  its  theory.  It  will  then 
be  easy  to  understand  the  following  circumstances,  on  which  the 
accuracy  and  sensibility  of  the  instrument  depend. 

1.  It  is  necessary  that  the  distances  of  the  two  knife-edges 
from  the  fulcrum  should  be  exactly  equal;  for  if  the  distance  from 
the  fulcrum  of  the  point  of  suspension  of  one  pan  were  greater 
than  that  of  the  other,  then  a  weight  placed  in  the  first,  acting 
under  a  greater  leverage,  would  balance  a  larger  weight  in  the 
last,  and  the  larger  in  proportion  to  the  inequality  of  the  two 
arms  of  the  beam. 

2.  It  is  necessary  that  the  centre  of  gravity  of  the  beam  and 
pans  should  be  below  the  fulcrum^  and  as  near  to  it  as  possible. 
Were  the  centre  of  gravity  at  the  fulcrum,  the  beam  would  not 
oscillate,  but  remain  in  whatsoever  position  it  were  placed. 
Were  it  above  the  fulcrum,  the  beam  would  be  overset  by  the 
slightest  impulse.  When  it  is  below  the  fulcrum,  the  beam,  as 
already  stated,  may  be  regarded  as  a  pendulum,  whose  axis  co- 
incides with  the  line  joining  the  fulcrum  and  centre  of  gravity. 
As  this  line  forms  right  angles  with  the  axis  of  the  beam  in  what- 
ever position  the  latter  may  be  placed,  and  as  the  pendulum 
tends  always  to  fall  back  to  the  perpendicular  position  whenever 
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iwnored  from  U,  it  follows  tliat,  if  wo  impart  an  impiJso  to  tlie 

twain  of  a  properly  aiijusted  balance,  it  will,  after  vibrating  for 

iMne  time,  iiivurialily  return  to  a  horizontal  position.     Tlic  centre 

of  gravity  of  the  beam  is  exactly  under  tlio  fulcrum,  and  in  a  lino 

*1  risht  augles  to  tlio  axis  only  when  the  two  pans  are  equally 

I'lii'  tl.     If  unequally  loaded,  tlio  centre  of  gravity  is  to  the  right 

i>!  u  liic  left  of  this  line ;  and  in  that  case  the  beam  tends  to 

I'ln^c  to  refit  at  an  angle  to  the  hunzoutal  position,  rapidly  in- 

cn-a-jng  with  the  inequality  of  the  weiglit  until  the  hcam  is  entirely 

orerM;t,     In  wfiiglung  wiih  a  delicate  baluriee,  it  is  not  necessary 

U)  wait  until  tlio  beam  comes  to  rest,  in  order  to  ascert:iin  whether 

pftua  hare  Vjccu  equally  loaded.    This  can  be  ascertained  more 

imptly  by  noticing  the  amplitude  of  the  vibrations  of  the  index 

either  side  of  the  perpendicular,  by  means  of  the  graduated 

•re     They  will  bo  equal  only  when  the  wuiglits  in  tlio  two  pans 

are  equal. 

Tlte  >ensibiUty  of  a  balance  depends  in  great  measure  ou  the 
neamces  of  Uie  centre  of  gravity  to  the  fulcrum.     In  order  that 
B  tmall  weight,  placird  iu  one  pan  of  a  balance,  should  turn  the 
beam,  il  must  evidently  overcome  two  forces ;  first,  the  friction 
the  knife-edges  on  their  bearings,  and,  secondly,  the  tendency 
Ihe  beam  to  remain  in  a  horizontal  position.     This  tendency 
:nds,  ns  has  already  been  shown,  upon  tlie  position  of  the 
itro  of  gra\Tty  below  the  point  of  support.     Let  us  now  corn- 
two  cases  in  which  the  centres  of  gravity  arc  at  diflferont 
from  the  fulcrum, 
SEcertaiu  in  which  case 
I  force  required  to  turn 
B  Ixiam  will  bo  the  least. 
Ib  Fig.  43,  Eupposo  the  line 
a  6  to  he  the  asla  of  the 
beam,  O  tho  fulcrum,  and 
jOr  G  the  centre  of  grav- 
IVe  have  now  to  in- 
bre  ill  what    position  of 
if  gravity  it  will 
luire  Ihc  I^ast  force  to 
to  bring  the  axis 
airy  to  bring  tfic  ccm 
I  O'.     In  the  first  case, 
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weight  of  the  beam  and  pans,  wliich  we  suppose  concentrated  at 
gy  through  the  perpendicular  distance  g  e ;  and  in  the  second 
case,  to  raise  the  same  weight  through  the  distance  O  JE.  Since 
the  distance  g*  ^  is  much  less  tlian  the  distance  G  E^  it  ia  evi- 
dent that  it  will  require  a  less  force  in  the  first  case  than  in 
the  second.  Hence,  the  sensibility  of  the  balance  is  the  greater, 
the  nearer  the  centre  of  gravity  is  to  the  fulcrum. 

8.  It  is  important  that  the  points  of  suspension  of  the  pans 
should  be  on  an  exact  level  with  the  fulcrum.    The  importance 

of  this  condition  may  be  seen, 
by  remembering  that  an  in- 
crease of  weight  in  the  pans 
is  equivalent  to  adding  just 
so  much  weight  upon  the 
points  of  suspension,  and 
therefore  tends  to  draw  the 
centre  of  gravity  towards 
the  line  (Fig.  44)  connect- 
ing the  two.  If  this  line 
passed  above  the  fulcrum,  as 
in  Fig.  45,  then,  by  increas- 
ing the  weight  in  the  pans, 
the  centre  of  gravity  might 
be  brought  to  coincide  with, 
or  even  be  carried  above,  the 
fulcrum,  when  the  balance 
would  become  useless.  If 
this  line,  as  in  Fig.  45,  passed 
below  the  fulcrum,  an  increase  of  weight  in  the  pans  would  tend 
to  draw  down  the  centre  of  gravity  ;  and  thus,  by  increasing  its 
distance  from  the  fulcrum,  would  diminish  the  sensibility  of  the 
balance.  When,  however,  the  line  passes  through  the  fulcrum, 
as  in  Fig.  46,  the  points  of  suspension  of  the  pans  are  on  an  ex- 
act level  with  the  fulcrum,  and  an  increase  of  load  always  tends 
to  raise  the  centre  of  gravity  towards  the  fulcrum  in  proportion  to 
its  amount ;  so  that  a  well-adjusted  balance  theoretically  should 
turn  with  the  same  weight,  whatever  may  be  the  load  placed  upon 
it,  from  the  smallest  to  the  largest  of  which  its  construction  admits. 
This  last  point  can  be  still  further  illustrated  in  the  following 
manner.     It  has  already  been  shown,  that  the  weight  required  to 
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turn  the  balance,  irben  unloaded,  may  be  measured  by  llie  fores 
rpijuirwi  to  raise  Uio  centre  of  gravity  of  tlie  beam  aud  pans 
Utrongli  II  small  urc,  G  G'  (Fig.  43),  -wlicn  applied  at  b'.  Let  tts 
EUppooe  lltat  the  pons  are  loaded  witli  a  weight  of  one  kilogramme 
mch.  It  is  evident,  from  what  has  been  said,  that  iIjib  is  equiv- 
alent to  condensing  a  mass  of  matter  equal  to  one  kilogramme 
U  each  of  tiio  jioiDts  a  and  l>.  The  centre  of  gravity  of  these 
muU  evidently  he  at  the  middle  of  the  line  a  li^  that  is, 
the  falcrum  of  the  balance.  Since,  then,  this  additional  weight 
lup5X)rt'M]  in  any  position  of  tlie  beam,  it  follows  that  the  weight 
[uired  to  turn  the  baUncc  is  still  measured  only  by  tlic  forco 
required  to  raise  tlie  centre  of  gravity  of  the  beam  and  pans 
tbrwugh  the  arc  G,  G',  or,  to  generalize,  the  absolute  weight  ro- 
ijuired  to  turn  the  balance  is  the  same,  whatever  may  be  the  load. 
Tbi»,  however,  is  only  theoretically  true,  for  in  practice  the 
wingbt  required  increases  with  the  load,  in  consequence  of  the 
increased  friction  and  the  slight  bending  of  the  beam  wliicli  it 
amaea.  While,  however,  the  absolute  weight  required  to  turn  the 
bdance  increases  from  these  causes  with  the  load,  tlie  proportion 
of  tJiis  weight  to  the  whole  load  diminishes.  This  is  what  is 
lly  meant  by  tlic  sensibility  of  the  balance,  and  in  this  sense, 
ideally,  the  sensibility  increases  with  the  load. 

It  is  important  that  the  friction  of  the  knifo-edg^s  on  tbcir 
should  be  as  slight  as  possible.     The  importance  of  this 
Lce  is  so  evident,  that  it  docs  not  require  illustration, 
id  by  a  careful  construction  of  the  knife-edges,  and  by 
Bttking  the  beam  as  light  as  is  consistent  with  rigidity. 

In  endeavoring  to  combine  tliese  conditions,  tlie  balance-maker 

meets  Willi  many  practical  obstacles.     If  he  endeavors  to  increase 

the  aen»bility  of  his  balance  by  diminishing  the  weight  of  the 

lieam,  ho  soon  finds  that  he  loses  as  much  as  he  gains,  by  the  in- 

ereosed  flexure.     If,  again,  he  attempts  to  increase  tlie  sensibility 

lengtlieuing  the  beam,  he  soon  comes  to  a  limit,  beyond  which 

increased  leverage  is  more  tiian  compensated  by  the  increased 

ilion  due  to  the  necessarily  increased  weight  of  the  beam. 

irtlieless,  by  carefully  attending  to  the  necessary  conditions, 

iCee  may  bo  constructed  with  a  remarkable  degree  of  sciifci- 

Thcy  have  been  made  so  delicate,  that,  when  loaded  with 

Icilof^mmeB,  they  will  turn  with  one  milUgramme,  that  is, 

itii  one  ton-milUoiith  of  tlie  load.  a 


106  CHEMICAL  PHYSICS. 

PBOBLEMS. 

Centre  of  Orcanty. 

51.  Two  masses  of  matter  are  immovably  miited,  ^  *■  14  units  of 
mass,  and  ^  »>  10  units  of  mass.  What  is  the  position  of  their  ^v^mttM^ 
centre  of  gravity  ? 

52.  A  mass  of  matter,  ^,  »»  15  units  of  mass,  is  immovably  united  to 
a  second  mass,  B.  It  is  found  by  experiment  that  the  common  centre  of 
gravity  of  the  two  masses  is  nearest  to  Ay  and  divides  the  line  connecting 
the  masses  into  two  parts,  which  are  to  each  other  as  2  is  to  8.  What 
is  the  mass  of  JB? 

Intensity  of  the  JSarth*s  Attraction. 

In  these  problems,  the  student  is  expected  to  use  the  values  of  g  given  in  the  tablB 
on  page  76. 

53.  What  is  the  intensity  of  the  earth's  attraction,  at  Paris,  on  a  body 
whose  mass  is  equal  to  25  units  of  mass  ?  What  is  the  intensity  of  the 
force  of  gravity,  at  Paris,  on  bodies  whose  masses  are  respectively  20,  60^ 
720,  430,  and  510  uniU  of  mass? 

54.  What  is  the  intensity  of  the  earth's  attraction,  at  Paris,  on  a  body 
whose  mass  is  equal  to  0.1019  unit? 

Pendidum, 

55.  What  is  the  time  of  vibration,  at  Paris,  of  a  pendulum  which  is 
0.99394  metre  long?  What  are  the  times  of  vibration  of  pendulums 
which  are  respectively  twice,  three  times,  four  times,  five  times,  and  nine 
times  this  length  ?  The  amplitude  in  each  case  is  supposed  to  be  infi- 
nitely small,  and  the  pendulum  to  oscillate  in  a  vacuum. 

56.  If  the  amplitude  of  the  oscillation  of  the  pendulum  of  the  last  ex- 
ample is  9^,  how  much  would  the  duration  of  an  oscillation  be  increased? 
Solve  the  same  problem  for  amplitudes  of  1^,  2^,  4^,  and  5^. 

57.  If  the  pendulum  of  a  clock,  beating  seconds  at  Paris,  were  length- 
ened by  expansion  one  ten-thousandth  of  its  length,  how  many  seconds 
would  it  lose  each  day  ? 

58.  If  a  clock,  keeping  perfect  time  at  Paris,  were  carried  to  Spitzber- 
gen,  how  much  would  it  gain  each  day,  on  the  supposition  that  all  the 
conditions,  with  the  exception  of  the  intensity  of  gravity,  remained  the 
same  ?     How  much  would  it  lose  if  carried  to  the  equator  ? 

59.  A  pendulum  on  the  equator,  0.990934  metre  long,  was  found  to 
oscillate  in  one  second.     What  is  the  intensity  of  gravity  ? 

60.  A  pendulum  at  Paris  one  metre  long  was  found  to  oscillate  in 
1.00304  seconds.     What  was  the  intensity  of  gravity  ? 

61.  A  pendulum  at  Paris  four  metres  long  was  found  to  oscillate  in 
2.00608  seconds.    What  was  the  intensity  of  gravity  ? 
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62.  Whmt  is  the  intensitj  of  grayitj  at  the  latitude  of  42**  21'  ?  What 
k  tlie  length  <^  the  seconds  pendulum  at  this  latitude  ? 

63.  What  is  the  intensitj  of  grayitj,  and  what  the  length  of  the  sec- 
onds pendnlnm,  on  the  following  parallels  of  latitude,  viz.  15^,  22°,  56°, 
and  74*? 

64  What  is  the  intensitj  of  the  centrifugal  force  on  the  parallels  of 
ktitode  of  5"*,  20*,  30°,  50*,  and  70*  ?  What  is  the  absolute  intensitj  of 
grmTitj  on  these  parallels  ? 

65.  What  is  the  intensitj  of  gravitj  at  the  summit  of  Mt.  Washington, 
New  Hampshire?  Latitude  of  Mt  Washington,  44*  15'.  Height  of 
sommit  above  the  sea-level,  2,027  metres. 

66.  What  is  the  intensitj  of  gravitj  at  the  summit  of  Mt  Blanc  ?  Lat- 
itude of  Mt  BlanCy  45*  50'.  Height  of  sunmiit  above  the  sea-level, 
4y814  metres. 

Weight 

67.  What  is  the  weight  of  a  bodj  containing  10  units  of  mass  at  Paris  ? 
What  is  the  weight  of  the  same  bod j  at  Boston  ?  The  latitude  of  Boston 
is  42*  21'. 

68.  What  is  the  weight  of  a  bodj  containing  500  units  of  mass,  at  the 
equator  and  at  the  poles  ? 

69.  What  is  the  specific  weight  of  iron  at  Paris  ?  What  are  the  spe- 
cific weights  of  lead,  tin,  mercur}-,  sulphur,  sodium,  and  lithium,  at  Paris  ? 
and  also  at  Boston  ? 

Afass. 

70.  What  is  the  mass  of  100  kilogrammes  of  iron  ?  What  are  the 
masses  of  50  grammes  of  sulphur,  of  40  grammes  of  mercurj,  of  90  kilo- 
grammes of  granite,  when  the  value  of  ^  is  9.810  ? 

71.  What  is  the  mass  of  75  kilogrammes  of  ice,  of  20  kilogrammes  of 
common  salt,  of  50  grammes  of  air,  when  y  =»  9.810  ? 

72.  What  is  the  mass  of  a  cubic  decimetre  of  lead  ?  ^Vhat  is  the  mass 
of  a  cubic  decimetre  of  ice  ?     Sp.  Gr.  of  Ice  ^  0.930. 

73.  What  is  the  mass  of  1,000  cubic  metres  of  atmospheric  air  ?  What 
that  of  the  same  volume  of  hydrogen  gas  ? 

I}ensitt/, 

74.  What  is  the  densitj  of  hammered  copper  ?  What  is  the  densitj 
of  the  following  substances,  —  lead,  tin,  mercury,  sulphur,  sodium,  and 
lithium  ?  Calculate  the  densitj  from  the  i^.  W,  as  obtained  by  solving 
the  69th  example,  or  else  from  the  Sp,  Gr.  given  in  the  Table  at  the  end 
of  this   volume. 

75.  What  is  the  densitj  of  air,  of  oxygen,  of  hydrogen,  and  of  nitrogen. 
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at  the  temperature  of  0°  C.  and  under  a  pressure  of  76  cm.?  The 
relative  weight  of  one  cubic  decimetre  of  these  gases  will  be .  found  in 
Table  IL  at  the  end  of  this  volume. 

Relative  WeighL 

76.  The  absolute  weight  of  a  body  at  Paris  is  500  gram.  What  is  its 
relative  weight  ? 

77.  The  relative  weight  of  a  body  at  New  Orleans  is  450  gram.  What 
is  its  absolute  weight  at  the  same  place  ?  The  latitude  oi  New  Orieaos 
is  29**  57'. 

78.  The  relative  weight  of  a  body  at  Paris  is  1,250  gram.  What  is  its 
absolute  weight  at  Boston  ? 

79.  The  relative  weight  of  a  body  is  12,300  gram.  What  is  its  absolute 
weight  at  Quito?  The  latitude  of  Quito  is  0°  ld'.5,  and  its  elevation 
above  the  sea-level  is  2,908  metres. 

80.  The  relative  weight  of  a  body  is  5,450  gram.  What  is  its  mass  ? 
Find  also  the  masses  of  the  bodies  whose  weights  are  respectively  660 
gram.,  4,945  gram.,  and  500  gram. 

81.  Tlie  relative  weight  of  a  body  is  5,255  gram.,  its  volume  is  500  cm.^ 
What  is  its  mass  ?  what  is  its  density  ?  and  what  is  its  specific  gravity  ? 

82.  The  specific  gravity  of  a  body  is  7.248,  and  its  volume  500 cm.' 
What  is  its  density,  mass,  and  weight  ? 

83.  The  mass  of  an  iron  cannon  is  5,000  units,  and  its  spedfie  gravi^ 
7.248.     'NVlmt  is  its  volume  and  density  ? 

84.  The  specific  gravity  of  a  gas  referred  to  water  is  0.00143028,  and 
its  volume  500  ml'     What  is  its  density,  mass,  and  weight  ? 

85.  What  is  the  specific  weight,  the  mass,  and  the  density  of  500  c7m? 
of  mercury? 

Unit  of  Force. 

86.  A  body  having  a  density  of  2  units  and  a  volume  of  1,000  cm^' 
acquires,  under  the  influence  of  a  given  force,  an  acceleration  of  8  cm. 
each  second.     What  is  the  intensity  of  the  force  ? 

87.  A  body  whose  weight  is  100  kilogrammes  acquires  an  acceleratioa 
of  8  m.  each  second.     What  is  the  intensity  of  the  force  ? 

88.  A  body  whose  specific  gravity  is  2  and  whose  volume  is  50  ml'  ac- 
quires an  acceleration  of  10  m.  each  second.  What  is  the  intensity  of 
the  force  ? 

89.  On  a  body  weighing  100  kilogrammes  a  force  of  15  kilogrammes 
is  constantly  acting.     What  acceleration  does  it  impart  to  the  body  ? 

90.  To  a  body  whose  volume  equals  10  m.'  a  force  of  300  kilogrammes 
imparts  a  constant  acceleration  of  10  m.  What  is  the  density  of  the 
body? 
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ACCIDENTAL   PROPERTIES   OP  MATTER. 

^4.)  Divisibililif.  —  Wo  liave  now  considered  Iho  first  four 
Ibe  ^nrral  properties  of  matter  enumerated  in  (7).  All 
,  with  tlie  exception  of  toeighl,  are  essential  properties, 
[  kro  necessarily  associated  with  tlie  verj  idea  of  matter. 
I  four  general  properties  which  remain  to  be  studied  do  not 
t  to  be  so  essential,  for  we  can  conceive  of  a  kind  of  matter 
slioald  not  possess  thcra.  This  is  true,  for  example,  of 
libiiiljf.  We  can  easily  conceive  of  a  kind  of  matter  so  hard 
»  be  physically  indivisible,  although  no  such  matter  is  known 
^ist.  la  fact,  all  kinds  of  matter,  even  the  hardest,  can  be 
Urided,  and,  so  far  as  we  know,  indefinitely;  the  only  limit 
r  power  of  subdivision  being  that  fixed  by  the  imperfection 

ixtent  to  which,  in  somo  cases,  the  suMivision  may  bo 
1  is  almost  incredible.     The  goldbeater  con  hammer  out  a 

0  gramme  of  gold  until  it  covers  a  surface  of  4,364  c.  in,',  when 
igold-lcaf  ia  so  thin,  tliat  fifteen  hundred  such  leaves  placed 

B  one  another  would  not  equal  in  thickness  a  single  leaf  of  orJi- 
|f  wri  ling-pa  per.  The  surface  of  gold  on  the  gilt  wire  used  in 
widery  is  much  thinner  even  than  this.     It  has  been  calcu- 

1  that  its  thickness  does  not  exceed  one  ten-millionth  of  a 
metre;  and  if  so,  with  the  aid  of  the  microscope  magnifying 

Bhondrod  diameters,  a  particle  of  gold  can  be  distingiushcd 
I  it  not  weighing  more  than  one  forty-two-million-niillionth 
I  gramme. 

Sie  organic  kingdom  presents  as  with  examples  of  the  subdi- 
i  of  matter  which  arc  still  more  remarkable.  The  micro- 
B  has  proved  the  existence  of  animals  which  are  as  minute  as 
tide  of  gold  mentioned  al>ove,  and  yet  each  of  these  crea- 
I  ia  composed  of  organs  of  locomotion  and  nutrition,  like 
llarger  animals.  Tlie  finest  human  hair  is  about  one  two- 
ind-forticth  of  a  centimetre  in  diameter.  This  is  gen- 
f  considered  very  fine ;  but  the  hair  is  a  massive  cable  in 
1  with  many  animal  fibres.  The  spider's  thread  is  in 
I  iostaooes  not  more  tlian  one  twelve-thousandth  of  a  cen- 
t  in  diameter,  and  yet  each  of  those  threads  is  formed 
3  union  of  from  four  to  six  thousand  fibrils.  It  has  been 
latcd  that  one  gramme  of  tliis  thread  would  reach  about 
flEulea. 

10 
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Science  has  not  succeeded  in  discovering  a  limit  to  the  divisi- 
bility of  any  one  kind  of  matter.  Nevertheless,  the  opinion  has 
been  maintained,  and  is  still  held  by  many  scientifie  men,  that 
matter  is  not  indefinitely  divisible,  and  that  all  bodies  are  made 
up  of  an  exceedingly  large  number  of  absolutely  hard,  and  henoe 
indivisible  particles,  called  atoms.  According  to  the  aiawiie  the' 
ory^  as  this  hypothesis  is  called,  thq  ultimate  particles  of  matter 
are  indestructible  and  unchangeable,  and  hence  all  phynical  and 
chemical  phenomena  are  caused  by  changes  in  their  relative  posi* 
tion  or  grouping. 

As  these  atoms  are  supposed  to  be  far  smaller  than  the  minut- 
est portions  of  matter  which  we  can  distinguish  with  the  micro- 
scope, they  are  beyond  the  limits  of  direct  observation,  and  their 
existence  is  therefore  a  matter  of  inference  from  physical  and 
chemical  phenomena.  It  is  not  necessary,  however,  in  order  to 
explain  these  phenomena,  to  suppose  that  these  atoms  have  any 
absolute  size.  We  may,  with  Newton,  regard  them  as  infinitely 
small,  that  is,  as  mere  points,  or,  as  Boscovisch  called  tliem,  va- 
riable centres  of  attractive  and  repulsive  forces  ;  and  all  the  phe- 
nomena can  be  as  fully  explained  on  this  supposition  as  on  the 
other.  According  to  this  view,  matter  is  purely  a  manifestation 
of  force,  and  only  continues  to  exist  through  the  constant  action 
of  that  Infinite  Will  with  whom  all  force  originates.  As  it  will 
be  constantly  necessary  to  refer  to  these  centres  of  attractive 
and  repulsive  forces  in  matter,  we  will,  for  convenience,  term  the 
minute  portions  of  matter  in  which  they  may  be  supposed  to  re- 
side molecules y  and  the  forces  themselves  molecular  forces. 

(75.)  Porosity,  —  The  interstices  between  the  different  parts 
of  bodies  arc  called  pares.  The  visible  cavities  .of  the  sponge, 
for  example,  are  pores  of  a  large  size  ;  the  meshes,  of  which  its 
tissues  consist,  are  pores  of  a  smaller  size ;  but  in  addition  to 
these,  there  are  pores  between  the  fibres  of  the  sponge  themselves, 
although  they  are  so  minute  that  they  cannot  be  seen.  In  like 
manner,  a  thin  slice  of  the  hardest  wood,  examined  under  the 
microscope,  is  found  to  be  full  of  pores  (see  Figs.  47,  48)  ;  and 
the  same  is  true,  to  a  greater  or  less  degree,  of  all  organic  struc- 
tures, as  well  as  of  the  tissues  which  are  manufactured  with 
animal  or  vegetable  fibres.  The  porosity  of  such  substances  is 
well  illustrated  by  the  process  of  filtering.  The  filters  which  are 
used  in  the  arts  and  in  chemical  experiments  are  simply  porous 
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idics,  wliosQ  pores  aro  largo  enough  to  allow  fluids  to  pass 
Uuvagli  tliem,  Imt,  oti  tliQ  other  hand,  small  enough  to  arrest 
the  M^id  particles,  whidi  they  liolJ  in 
Tlio  siunjlcst  and  most 
1  form  of  a  filter  is  a  cone  of 
ras    paper    supported   in   a    glass 


te  porosity  of  organic  EubBtanccs 
lay  altfO  be  iiiiistrated  by  the  appa- 
B  represented  in  Fig.  49.     It  con- 
I  of  a  glass  tube,  A,  closed  fram 
aboTQ   hj  a   plug   of   hard  wood   cut 

KJisvorseW  to  its  fibres,  or  by  a  piece 
ehamcHS  skin,  a£  is  represented  at  o. 
e  whole  is  surmounl^-d  Uj  a  tiitniel- 
•Imped  cap,  wliich  may  be  filled  with 
tnenmr;.     On  exhausting  the  tube  by 
means  of  an  air-pump,  the  pressure  of 
air  on    the   surface   of   l\\a   mer'-u 
forces  it  through  the  pores  of  tlie  '■ 
^pbrafm,  so  that   it   falls  in   shoui  i 
^Bbltiugh  tlie  tube. 
^BA  lump  of  chalk  plunged   under 
^■■ter,  and  placed  under  the  receiver 
of  an  ait^pump,  will,  on  withdrawing 
tlie  air,  expel  a  torrent  of  air-bubbles,  which  had  been 
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in  the  internal  pores  of  the  stone.  The  same  is  true  of  many 
other  varieties  of  stone.  Tliere  is  a  kind  of  agate,  called  hydro- 
phane,  which  in  its  ordinary  state  is  only  semi-transparent,  but 
after  being  plunged  in  water  takes  up  about  one  sixth  of  its  bulk 
of  that  fluid,  and  becomes  nearly  as  transparent  as  giMmu  The 
porosity  of  metals  was  proved  by  the  Academicians  of  Florence 
in  the  year  1661.  They  filled  a  hollow  ball  of  gold  with  water, 
and  submitted  it  to  great  pressure,  by  which  the  liquid  was 
made  to  ooze  through  the  pores  of  the  metal.  The  same  exper- 
iment has  since  been  repeated  on  different  metals,  and  with  like 
success. 

The  porosity  of  gases  and  liquids  is  proved  by  their  power  of 
penetrating  each  other  without  a  corresponding  change  of  voir 
lune.  This  is  illustrated  by  an  experiment  devised  by  Reau- 
mur. He  filled  a  long  tube  closed  at  one  end,  half  with  water 
and  the  remainder  with  alcohol.  Having  carefully  closed  the 
mouth  of  the  tube,  he  inverted  it  in  order  to  mix  the  two 
liquids,  when  he  found  that  a  contraction  of  the  liquids  took 
place. 

Another  experiment,  illustrating  the  same  property  in  regard 
to  gases,  is  the  following.  A  globe  containing  air  is  so  arranged 
that  small  quantities  of  liquids  can  be  introduced  into  it  without 
allowing  the  air  to.  escape.  If,  now,  a  few  drops  of  alcohol  are 
made  to  enter  the  globe,  this  alcohol  will  evaporate  to  as  great  an 
extent  as  if  the  globe  were  empty,  and  the  space,  which  before 
contained  only  air,  will  now  contain  both  air  and  alcohol  vapor. 
If,  next,  some  ether  is  forced  into  the  globe,  tliis  liquid  will  also 
evaporate,  and  exactly  as  much  ether  vapor  will  be  formed  as  if 
the  globe  had  contained  previously  neither  air  nor  alcohol  vapor, 
and  we  shall  then  have  the  space  occupied  simultaneously  by 
air,  alcohol  vapor,  and  ether  vapor.  In  like  maimer,  we  may  iur 
troduce  any  number  of  volatile  liquids  into  the  globe,  and  yot,  so 
far  as  we  know,  each  of  these  will  evaporate  to  the  same  extent 
as  if  the  globe  were  entirely  empty,  provided  only  that  these  sub- 
stances do  not  act  chemically  on  each  other.  We  may  thus  have, 
as  the  result  of  spontaneous  evaporation,  twenty  or  thirty  differ- 
ent vapors,  all  existing  simultaneously  in  the  same  space. 

By  the  experiments  which  have  been  cited,  the  porosity  of  most 
substances  can  be  abundantly  proved.  The  porosity  of  glass, 
however,  and  of  many  other  substances,  does  not  admit  of  such 
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proof;  yot  iti  Uicsc  mbstaiiceu  tlio  porosity  is  rendered  quite  evi- 
denl  by  the  chaiigca  of  bulk  which  the;-  undergo  under  the  iQ- 

nncc  of  beat  and  cold. 

■"Wc  make  nn  obvious  distinction  between  tlie  large  pores,  which 

Ijit  ettp«cially  in  organized  bodies,  and  tlie  intorniolccular  spa- 

Tlin  6rst  arise  from  the  want  of  continuity  of  the  matlcr, 

I  may  bo  regarded  in  a  measure  as  accidental,  rnrying  with 

B  structure  and  organization  of  the  body.     They  are  frequently 

Biblo  to  tlio  naked  eye,  or  at  least  become  evident  with  the  aid 

[  tbe  microscope.     The  last  are  the  exceedingly  minute  and  in- 

'■iU«  cpaccs  which  exist  between  the  molecules  of  matter.    Those 

liiloeophcra  who  have  admitted  the  existence  of  atoms,  have  geti- 

{imny  concurred  in  the  belief  that  the  atoms  even  of  the  dengest 

Olids  are  very  much  smaller  than   the  spaces  which  separate 

them.     Sir  John  Herschel  asks  why  the  atoms  of  a  solid  may  not 

be  imagined  to  lie  as  thinly  distributed  through  the  space  it  oc- 

cnpfes,  as  ibo  stars  that  compose  a  nebula  ;  and  compares  a  ray 

L£.<tf  light  penetrating  glass  to  a  bird  threading  the  mazes  of  a 


(76.)    Compreasibilily  and  Krpansibililt/.  —  The  property  of 
sity  necessarily  implies  that  of  compressibility  and  expansi- 
Uly.     According  to  the  atomic  theory,  any  body  is  capable  of 
~Sii  indefinite  expansion,  because  we  may  conceive  of  the  dis- 
tance between  the  atoms  as  being  iudefimtely  increased.     It 
could  only,  however,  Im;  compressed  till  itie  atoms  come  in  con- 
tact.     According  to  the  other  theory  of  the  constitution  of  mat- 
^^■■r,  advaticod  in  (74),  a   body  is   capable  of  being  both  con- 
^^Hic(4Nl  and  expanded   indefinitely.     These  changes  of  volume 
^^|pe  iDOftt  readily  effectod  by  the  action  of  heat,  and,  so  far  as  we 
^^Kdow,  all  bodies  may  bo  indctinitely  expanded  )iy  heat  and  con- 
^K^tctcd  by  colli.     These  cITects  of  heat  will  he  considered   at 
H^Mngtb  in  Chapter  IV.,  and  we  shall  therefore  only  allude  in  this 
place  to  a  few  examples  of  compression  produced  by  mrchanical 
means. 
Piecca  of  oak,  asli,  or  elm,  plunged  into  the  sea  to  the  depth 
!,(iOO  metres,  and  drawn  up  after  two  or  three  hours,  have 
found  to  contain  four  fifths  of  their  weight  of  water,  and  to 
{■lire  such  an  increase  of  density  as  to  indicate  the  contraction 
oT  the  wood  into  al>out  half  its  previous  volume,     .'•ome  of  the 
metals  have  their  hulk  permanently  diminislied  by  hammering  ; 
10- 
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and  80  also  in  the  process  of  coining,  the  volume  of  the  metil  ia 
sensiblj  diminished  b^  the  pressure  to  which  it  is  submitted  under 
the  die.  Tlie  stone  columns  of  buildings,  also,  when  tliej  bub- 
tAiD  great  weights,  are  frequently  very  sensibly  shortened.  Tliit 
was  the  case  with  the  columns  which  support  the  dome  of  ths 
Pantheon  at  Paris. 

It  was  long  supposed  that  liquids  were  incompressible ;  but 
they  are  now  known  to  be  compressible,  although  only  to  a  sliglit 
degree.  The  compressibilitj'  of  liquids 
may  be  illustrated  by  the  apparatus  rep- 
resented in  Fig.  60.  It  consists  of  a 
very  thick  cylindrical  vessel  of  gloss, 
eight  or  nine  centimetres  in  diameter, 
which  is  closed  at  the  bottom  and  sup- 
ported on  a  basement  of  wood.  To  the 
top  is  cemented  a  brass  cap,  into  which 
screws  a  copper  plate,  which,  when  in  ito 
place,  completely  closes  the  cylinder ; 
but  which  can  be  unscrewed  at  pleas- 
ure, in  order  to  remove  and  replace  tlie 
tubes  A  and  B  within  the  cylinder.  To 
this  plate  are  adapted  tlie  tunnel  R,  for 
introducing  water  into  the  cylinder,  and 
a  cylinder  with  a  piston  for  exerting 
pressure,  which  can  be  moved  by  the 
screw  P.  'Within  the  apparatus  is  the 
elongated  glass  bulb  A,  wliich  is  filled 
with  the  liquid  on  which  the  experiment 
is  to  bo  made.  This  bulb  opens  into  a 
bent  capillar;  glass  tube,  whose  open 
end  is  plunged  in  the  mercury  which  covers  the  bottom  of  the 
vessel.  At  the  side  of  this  apparatus  is  a  manometer  tube,  B, 
which  indicates,  in  a  way  which  will  bo  hereafter  described,  Ute 
amount  of  pressure. 

In  using  tlie  apparatus,  the  bulb  A  is  first  filled  with  the  liquid 
to  be  compressed.  This  is  then  supported,  as  represented  in  the 
figure,  iu  the  interior  of  tho  cylinder,  with  the  open  end  of  the 
tube  dipping  under  tho  mercury.  Tho  cylinder  is  now  filled 
with  water,  and  the  pressure  applied  by  turning  the  screw  P. 
The  mercury  will  then  be  seen  to  rise  hi  the  capillary  tube,  Indi- 
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1  capillary  t 


iinpr«8sioii  or  tlie  fluid  couUttned  i 
luurc  Uiu  amoiuit  of  compression,  t 
I  ititu  parts  of  equal  capacity,  each  i 
known  relation  to  the  capacity  of  the  bulb.  The  total  amount 
of  compression,  however,  which  we  can  thus  produce,  amounts 
quIf  lo  a  fuw  milliontha  of  tho  original  volume. 

The  comprcssihilily  of  gases  is  far  greater  Ihaji  that  of  either 
of  Uie  other  conditioas  of  matter.  If  we  take  a  glass  cylinder 
closed  U  one  end,  Fig.  51,  and  insert  into 
it  ui  BCcaret«ly-f)tting  piston,  it  will  be 
found  impossible  to  force  the  piston  into 
the  tube,  if  it  be  full  of  water ;  but  if  full 
of  air,  the  force  of  the  arm  is  sufficient  to 
driru  the  piston  down  so  as  to  reduce  the 
volume  of  air  ten  or  twenty  times,  if  tho 
piston  is  small.  Wo  feel  the  resistance 
iucrevfl  iu  proportion  to  the  compression  ; 
but,  vliatever  may  be  tho  force  exerted, 
we  esaooi  make  tho  piston  touch  the  hot- 
loin  of  tl»0  tul>e.  Tlie  compressihitily  of 
many  gases  is  aUo  liiuiled  by  the  fact  that 
Ihey  are  reduced  by  great  pressure  to  a 
Kqnid  Btat«. 

(77.)  Elasticilg.  —  The  property  which 
all  bodies  possess  to  a  certain  extent,  of 
Ksoming  thotr  original  form  or  volume 
1  tli«  force  which  altered  this  form  or 
t  ceases  to  act,  is  called  elasticity. 
B  property  is  the  manifestation  of  a  ten- 
f  which  the  particles  of  bodies  possess,  to  maintain  a  certain 
e  or  position  with  regard  to  each  other,  aod  to  resume  that 
5  or  position  when  they  have  been  disturbed.  The  phe- 
A  of  elasticity  may  be  developed  in  solids  by  compression, 
\ijtentio»,  b J  flexure,  or  by  torsion.  In  fluids,  however,  elasticity 
can  bo  developed  only  by  compression,  and  it  is  only  this  form 
of  eWticily,  therefore,  which  con  be  regarded  as  a  general  prop- 
erty of  matter. 

All  fluids,  both  liquid  and  gaseous,  are  perfectly  elastic  j  and 
this  eliuticity  is  unlimited  tn  extent,  since  they  resume  esaclly 
their  origin^  volume  as  soon  as  the  pressure  by  which  this  was 
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diminished  is  remoYed,  however  long  it  may  have  been  ap- 
plied. 

Oases  tend  to  expand  indefinitely,  and,  other  circumstances 
being  equal,  a  definite  Tolume  always  corresponds  to  a  given 
pressure.  If  the  pressure  is  increased,  the  volume  diminislies, 
and  if  the  pressure  is  diminished,  the  volume  increases.  Hence, 
gases  are  frequently  callei  permanetUly  elastic  fluids. 

The  elasticity  of  solids  is  not  perfect  and  unlimited,  like  that 
of  fluids.  In  some  solids,  such  as  glass,  it  appears  to  be  perfect ; 
for  no  force,  however  great  or  long  continued,  will  cause  glass  to 
take  a  set,  as  it  is  called,  that  is,  will  cause  a  permanent  change 
either  in  form  or  bulk.  But  then  this  elasticity  is  confined  within 
very  narrow  limits  ;  for  if  the  displacement  of  the  particles  ex- 
ceeds a  very  small  amount,  the  body  is  crushed.  In  other  solids, 
as  in  India-rubber  or  the  metals,  the  elasticity  is  less  limited ; 
but  in  these,  if  the  compressing  force  exceeds  a  certain  amounti 
or  is  continued  beyond  a  limited  time,  there  remains  a  permanent 
change  of  form  or  bulk.  Within  these  limits,  however,  which 
difier  very  greatly  in  difierent  substances,  all  solids  appear  to 
be  perfectly  elastic.  It  is  in  the  limit  of  elasticity  that  we  find 
the  great  difierences  between  bodies.  Thus,  a  ball  of  steel  or  of 
ivory  will  be  as  elastic  up  to  a  certain  point  as  a  ball  of  India- 
rubber,  as  may  be  proved  by  dropping  the  three  balls  upon  a 
hard  surface  from  the  same  height,  and  then  marking  the  heights 
to  which  they  rebound ;  but  while  the  elasticity  of  the  India-rubber 
extends  to  almost  any  degree,  that  of  the  others  is  very  limited. 
Even  lead  and  pipe-clay,  which  are  generally  considered  as  en- 
tirely devoid  of  elasticity,  show  an  elasticity  as  perfect  as  that  of 
the  best-tempered  steel,  but  within  very  narrow  limits. 


CHAPTER    III. 


THE  THfiEE  STATES   OF  MATTER. 


I  Miffecv/ar  Farces,  —  The  forces  which  are  supposed  to 
unto  from  Uie  inolcculcE  of  matter,  aiid  which  we  have  termed 

lecu/ar  forces,  are  either  attractive,  tending  to  draw  together 

the  molecules  of  a  body,  or  repulsive,  tending  to  drive  tliom  apart. 
Tlic  three  slates  of  matter  seem  to  depend  on  tlie  relative  iiiten- 
Bty  of  tliese  forces.  When  the  attractive  forces  are  in  excess,  the 
dIucuIcs  of  8  body  are  held  together  more  or  less  firmly,  and  wo 
klTe  liie  tolid  slate.  When  the  attractive  forces  are  nearly  bal- 
1  by  Uie  repulsive  forces,  the  molecules  are  io  equilibrium 
I  endued  with  freedom  of  motion  among  themselves,  and  we 
(ve  the  liquid  state.  Finally,  when  the  repulsive  forces  are  in 
i,  ttto  molecules  tend  to  recede  from  each  other,  and  we 
hsre  a  state  of  permanent  tension,  which  we  call  a  gas. 

In  regard  to  tlie  mode  of  action  of  tliese  moleciilar  forces,  wo 
liave  little  or  no  accurate  knowledge,  and  all  our  theories  in  re- 
gard to  Uicm  are  inferences  from  the  phenomena  which  tlie 
aggregations  of  these  molecules,  the  masses  of  matter,  exhibit. 

Tlte  attractive  forces  act  only  through  extremely  small  distances. 
Stirpral  facts  may  be  cited  in  illustration  of  this.  If,  when  the 
flat  Mirfaccs  of  two  hemispheres  of  lead  are  tarnished,  they  are 
prrased  together,  they  will  not  adhere.  If,  however,  the  super- 
fiotikl  coaling  of  oxide  is  removed  with  a  sharp  knife,  and  the 
two  clean  surfaces  are  then  pressed  together,  they  adhere  with 
prcat  force.  The  process  of  welding  iron  aifords  an  illustration 
of  tJic  same  fact.  In  order  to  unite  two  bars  of  iron,  the  ends 
to  be  joined  are  first  softened,  by  heating  them  to  a  white  heat  in 
■  forge,  and  then  hammered  together  on  an  anvil.  Ttie  com- 
plete union  of  the  bars  cannot  be  attained  in  this  process  unless 
tlte  roating  of  oside,  which  forms  in  the  forge  on  the  heated 
icos,  i»  dissolved  by  sprinkling  on  the  ends  of  the  bars  pow- 
or  some  similar  substance.  So  also  pieces  of  wax, 
;h,  ludia-nihber,  and  other  soft  substances,  camiot  be  made 
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to  adhere  when  their  surfaces  are  covered  with  dust,  but  can  be 
united  firmly  together  when  the  surfaces  are  clean.  Finally, 
plates  of  polished  glass  have  been  known,  simply  from  resting  on 
each  other  in  the  warehouse,  to  adhere  so  firmly  as  to  resist  all 
efforts  to  separate  them,  breaking  as  readily  in  any  other,  direc- 
tion as  at  the  plane  of  junction.  The  thinnest  film  of  tissue- 
paper  interposed  between  them  is  sufiicient  to  prevent  any  such 
adhesion. 

The  repulsive  forces  do  not  appear  to  be  so  inherent  in  the  par- 
ticles of  matter  as  the  attractive  force.  They  seem  to  be  due  to 
the  action  of  an  external  agent,  called  heat.  This  opinion  is  sup- 
ported by  many  facts.  The  first  effect  of  heat  on  a  solid  is  to 
expand  it,  that  is,  to  separate  the  molecules  from  each  other;  but 
as  it  accumulates  in  the  body,  it  changes  its  condition,  first  into  the 
liquid,  and  subsequently  into  the  gaseous  state.  So  also,  when 
two  plates  of  glass  are  pressed  firmly  together,  the  minute  interval 
which  still  separates  them  is  increased  by  heating.  The  particles 
of  finely  divided  and  infusible  powders  repel  each  other  when 
intensely  heated,  and  the  powders  roll  round  in  the  crucible  as  if 
they  were  liquid ;  and  lastly,  when  water  is  dropped  into  a  heated 
metallic  dish,  it  does  not  moisten  the  sides  of  the  dish,  but  is 
repelled  by  it  and  assumes  a  globular  form.  The  repulsion  is 
so  great,  that,  if  the  dish  is  pierced  with  holes,  like  a  sieve,  the 
water  will  not  run  out.  Since,  then,  heat  evidently  increases  the 
repulsive  forces  between  the  molecules  of  matter,  it  is  natural  to 
conclude  that  it  is  the  cause  of  these  forces,  and  this  hypothesis 
is  generally  admitted. 

In  studying  the  phenomena  of  matter  due  to  these  molecular 
forces,  it  will  be  convenient  to  class  them  under  two  heads: 
first,  those  phenomena  caused  by  the  action  of  these  forces  be- 
tween homogeneous  molecules,  such  as  the  molecules  of  the  same 
substance ;  secondly,  those  phenomena  caused  by  the  action  of 
the  forces  between  heterogeneous  molecules,  such  as  those  of  dif- 
ferent substances.  To  the  first  class  belong  those  phenomena 
which  characterize  the  solid,  liquid,  and  gaseous  conditions  of 
matter ;  to  the  second,  the  phenomena  of  capillariiy  (or  adhe- 
sion) and  diffusion. 


THE  TBttEE  STATES  OP   MATTEB. 


VOLECtTLAR  FORCES  BETWEEK   IIOMOGESEOCS   MOLECLXES. 
^^K  I.    CUABACTEOISTIC  PROPERTIES  OP   SoUDS, 

^^H&mong  the  characteristic  properties  of  Golids,  wc  shall  consider 
^Tie  foilowliig:  —  Crystalline  Form,  Elasticity,  RcGistaticc  to  Ilup- 
ture,  Aud  Hardness. 

Cri/staVography . 

(79.)    CrystalUne  Form.  —  The  force  which  holds  together 

tbo  molecules  of  eolidg  is  called  cohesion;  and  the  most  ob- 

^^^Mu  (tflect  of  litis  furce  is  to  retain  the  molecules  in  a  fixed 

^^■■Btion  with  reference  to  each  otlier,  and  hence  to  give  to  .the 

^^pGd  A  more  or  less  permanent  furm.     Almost  all  solids,  when 

^Ihey   «rc   formed   sJowly,   under  circumstances   such   that   ihe 

molecules  are  free   to  arrange  themselves  in  accordance  with 

the  toodcncics  of  the  niulcculor  forces,  assume  definite  csternal 

{urms.     These  forms,  witli  certain  limitations,  are  always  the 

eaine   for  the  same  suhstance,  but  may  diOcr  in  different  sub- 

«lwices.     They   are.  therefore,  essential  forms,  depending  upon 

b  n&lure  of  the  xubstaiicc.     Such  forms  are  called  crystals^  and 

Bcs  by  which  they  arc  obtained  are  called  processes  of 

^tallizalion. 

!ri»c  larger  number  of  inorganic  solids  which  we  meet  with  in 
en^lay  life,  do  not  appear  to  have  any  regularity  of  ontward 
Tlioir  furm  is  generally  accidental,  one  which  has  beau 
1  l»y  art,  or  which  is  duo  to  the  accidental  circumstances 
r  which  the  solid  has  been  placed.  In  some  cases,  how- 
ir,  if  ve  break  the  solid  and  examine  tlie  fracture,  it  will  be 
I  that  Uic  solid  is  an  aggregation  of  minute  crystals  closely 
{jacked  together.  This  is  the  case  with  granite  and  many  otlier 
rocks.  OUior  solids  split  readily  along  certain  planes,  called 
vtes  of  cleavage.  Both  the^c  classes  of  bodies  are  said  to 
I  a  crystalline  structure,  la  many  cases,  however,  no  indi- 
HIS  of  a  crytttalUnc  structure  can  he  seen ;  but  in  almost  all, 
I  K^id  can  Liu  made  to  assume  a  regular  crystalline  form  by 
B  of  iho  processes  described  in  the  next  section. 

).)  Processes  of  Cri/stallizatinn.  —  The  conditions  of  crys- 
llieatioii  are  freedom  of  motion  in  tlie  molecules  from  which 
■  solid  u)  forming,  and  Eufiiuient  time  for  the  molecules  to  ar> 
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range  themselycs  in  obedience  to  the  molecular  forces.  These 
conditions  are  generally  obtained  in  one  of  four  ways. 

The  first  consists  in  dissolving  the  solid  in  water  or  some  other 
solvent,  and  allowing  the  liquid  to  evaporate  slowly.  As  the  solid 
is  slowly  deposited,  it  assumes  the  crystalline  form.  This  method 
is  the  most  universally  applicable,  and  the  one  by  which  crystals 
are  usually  formed  in  nature.  The  best  metliod  of  applying  it 
consists  in  making  a  concentrated  solution  of  the  substance  in 
water,  placing  the  solution  in  a  shallow  dish,  covering  the  dish 
with  porous  paper  fastened  tightly  round  the  edges  to  prevent 
dust  from  settling  upon  the  liquid,  and  leaving  it  in  a  moderately 
warm  place  until  the  crystallization  is  completed.  When  the 
substance  is  not  soluble  in  water,  it  can  generally  be  dissolved  iu 
alcohol,  ether,  sulphide  of  carbon,  or  melted  boi*acic  acid,  instead 
of  water.  Sulphur,  for  example,  may  be  crystallized  from  a  so- 
lution in  sulphide  of  carbon ;  and  alumina  may  be  crystallized 
by  dissolving  it  in  melted  boracic  acid,  and  exposing  the  solution 
to  the  intense  heat  of  a  porcelain  furnace.  At  this  verj  hig^ 
temperature  the  boracic  acid  slowly  evaporates.  Most  substanooi 
are  more  soluble  in  hot  water  than  in  cold,  and  these  can  also  bit 
crystallized  by  making  a  concentrated  hot  solution,  and  allowing 
it  to  cool ;  the  excess  of  the  solid  in  solution  over  that  which  coU 
water  will  dissolve,  is  deposited  in  crystals.  Unless,  however, 
the  quantity  of  the  solution  is  very  considerable,  large  and  per- 
fect crystals  are  not  so  frequently  formed  in  tliis  way  as  by  slow 
evaporation.  A  small  quantity  of  solution  cools  so  rapidly,  that 
sufficient  time  is  not  afforded  for  perfect  crystallization. 

The  second  method  consists  in  melting  the  solid  in  a  crucible, 
and  allowing  the  liquid  to  cool  very  slowly.  When  a  solid  crust 
forms  on  the  surface,  this  is  broken,  and  the  remaining  liquid 
turned  out,  when  the  inside  of  the  crucible  is  found  lined  with 
crystals.  Sulphur  and  many  of  the  metals  may  be  crystallized 
in  this  way. 

The  third  method  consists  in  converting  the  solid  into  vapor, 
and  subsequently  condensing  the  vapor  in  a  cool  receiver,  —  a 
process  which  is  called  sublimation.  Iodine,  arsenic,  arseuious 
acid,  and  many  other  substances,  can  be  crystallized  by  this 
method. 

Tho  fourth  method  consists  in  very  slowly  decomposing  some 
chemical  compound  containing  the  substance,  either  by  electricity 
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or  by  tlie  action  of  somo  chemical  agent.  The  crystals  of  metals 
formed  in  the  processes  of  eloctro-metallurgy  are  llie  best  esain- 
ples  of  this  method. 

(81.)  Drfinilions,  —  A  crystal  is  always  bonnded  by  plane 
faces,  and  is  therefore  a  polyhedron.  The  faces  of  the  diamond 
and  of  some  other  crystals  are  at  times  curved  ;  but  in  eiich 
cases  the  apparently  curved  Burface  can  generally  bo  seen  to  be 
made  up  of  a  large  number  of  very  small  planes.  The  terms 
of  solid  geometry  are  used,  without  change  of  meaning,  in  crys- 
tallography. Thus  wo  speak  of  faces,  edges,  plane  angles,  intor- 
facial  angles,  and  solid  angles.  Tlio  axis  of  a  crystal  is  a  Hue 
passing  through  its  centre,  round  which  two  or  more  faces  are 
symraetrically  arranged.  In  every  crystal,  at  least  three  such 
Hues  can  be  distinguit^hed.  In  Figs.  52, 63,  and  54,  tlic  axes  are 
indicated  by  dotted  lines. 


r(S2,)   Systems  of  Crystals.  —  A  crystal  is  a  solid  bounded  by 
tes  arranged  symmetrically  round  one  or  another  of  sj-l-  sys- 
tems of  axes. 

1.  The  first  system  (Fig.  55)  is 
called  the  Monometric  System,  and 
consists  of  tlirco  axes,  of  equal 
length  and  at  right  angles  to  each 
other.  The  length  of  each  senii- 
aiis  we  shall  represent  in  this  work 
by  n,  and  the  system  of  axes  by  the 
symbol  a  :  a  :  a.  It  is  hardly  nc- 
oessary  to  obseire,  that,  as  crystals 
may  vary  very  greatly  in  size,  the 
^solute  lengths  of  the  axes  must 
f  to  the  Enme  extent,  and  that 
kicli  arc  constant. 
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2.  Tlie  GCcoiid  system  (Fig-  6(i)  is  called  the  Dimetric  St/titm, 
and  coiidsts,  like  tbe  laBt,  of  tlu'ee  axes  at  right  angles  to  each 
ottier.  Tlio  two  ascs  in  tlio  liorizoiiUl 
plane  of  tlie  figure  are  eallod  the  taleral 
nxfs,  and  ai'o  equal  to  each  other.  We 
shall  represent  the  length  uf  each  lit 
Ihoso  a.'ccs  by  a.  The  third  is  calW 
irrtieal  oz(»,and  ia  either  longer  or  J 
i:v  than  the  otlicr  two.  We  bIuiU  roptd 
liu:  length  of  each  half  of  this  axis  ■ 
The  symbol  representing  this  systa 
axes  is  a:  a  :  b.  Tlie  ratio  bclwM| 
and  b  ia  irrational.  Thus,  in  cryst 
^  tui,  the  ratio  between  the  axes  is  a  ; 

1 L  0.^8.^)7.    In  the  monometric  system  ihere  can  be  hut  one  si 
ases ;  but  in  this  system  there  can  be  as  many  sets  of  axes  s 
tlie  number  of  possible  irrational  ratios  between  a  and  b,  wliidi 
is  uf  courso  infinite.     The  ratio  forf 
v^\a  of  tho  eanie  substance  is  alvajq 
siimti;  but  it  differs  for  crystals  of  dififl 
sribstances,  no  two  sub  stances  liaviu 
Mine  ratio. 

o.  Tho  third  system  (Fig  57)  fc 
thi^  Hexagonal  System,  and  coiisista  C 
four  axes.  Three  of  these  are  in  the 
snmo  plane,  the  horizontal  plane  of  tba 
fil^ure,  and  are  called  lateral  axes.  They 
are  equal  in  length,  and  have  the  sarao 
roltttive  position  as  tlia  diagonals  of  a  i^f- 
nlar  hoxngon  (Fig.  58).  Tlie  common  length  of  the  six  halvw 
of  these  lateral  axes  wo  eliall  represent  by  a.  The  fourth  ftxia, 
called  the  vertical  axis,  is  at  right  angles  to  the  other  three,  a 
is  either  shorter  or  longer  than  their  coin 
length.  Tho  length  of  one  half  of  this  i 
shall  represent  by  b,  and  the  symtiol  of  tli^ 
ti;in  of  axes  '\6  a  :  a  :  a  :  b.  The  relatioa  3 
tween  a  and  b  is,  as  in  the  last  system,  irrBtlonsL 
Thus,  in  crystals  of  antimony,  a 
and  in  crystals  of  carlwnate  c 
a:  b  =  \  :  0.8543.    Here,  as  in  the  last  system,  tho  ratio  ii 
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ml  in  ciystiUfi  of  Uie  same  substance,  l>ut  fillers  in  crystals  of 
iRbreiit  »ubstiiiices. 
1 4.  Tlio  fourth  sj-stein  (Fig.  59)  is  called  tiio  Trimetric  System, 
i  cunsista  (jf  tlireo  axes,  all  at  right  auglcs  to  each  other,  but 
,  of   unequal   length.      One   of   theso 
9  is  eelectod  as  the  rertical  axis,  and 
I  lentil  of  one  balf  of  Uiis  axis  will 
k  represented  iu  this  work  bjr  b.     The 
lorter    of    the     two    lateral    axes     is 
lUcd  tlio  brachpdioffonal,  and  its  half- 
pigth  win  \}G   represented  by  a.     The 
I  is  called  the  makrodiagoiial,  and 
p  half-length  will  be  represented  by  c. 
[be   symbol  of  this  system  of  axes  is 
A  :  fr  :  r.     The    relation    between    a,  b, 
and  c  is  irrational.     Iu  crystals  of  sulphui 
2.S40  :  1.233. 

^  6.  The  fifth  system  (Tig.  60)  is  called  the  MonocHnic  Si/stem, 
i  c(»i8i&ts  of  three  unei]ual  axes.  Tlie  two  lateral  axes  are  at 
;lit  angles  to  each  other.  Tbo  third 
:,  called  the  vertical  axis,  is  at  riglit 
Igles  to  one  of  the  lateral  axes,  but  is 
dined  to  the  other.  The  length  of  one 
Rlf  of  the  vertical  axis  we  shall  repre- 
mt  by  A.  Tlie  one  of  the  lateral  axes 
^ich  is  at  right  angles  to  the  Tcrtical 
s  is  culled  tlie  orthodiagoHal,  and  its 
^f-iength  will  be  represented  by  a. 
Jhe  lateral  axis  which  is  inclined  to  the 
Vertical  axis  in  called  the  klinodiagotial,  ^'' 

and  its  hoIf-lcTigtti  will  be  represented  by  c.  Tlie  value  of  the 
acute  angle  which  ttie  vertical  axis  b  makes  with  the  kliaodiago- 
ml  c  will  be  represented  by  a-  The  synilrt)!  of  this  eystem  is  the 
ratio  a  :  b  :  c,  with  the  angle  ct.  For  the  cryKtals  of  tlio  same 
sabstance,  the  ratio  between  a,  b,  and  c,  and  the  value  of  a,  are 
coOEtuit ;  but  they  differ  in  crystals  of  difl'crent  eubetances.  In 
ciystalK  of  sulphate  of  iron,  for  example,  a:b:  r^l:  1.495: 1.179, 
ind  «c  ^  75°  40',  while  in  crystals  of  gjpsum  a:b:c  =  l:  0.413 : 
j6yi,  and  a  =  81°  26'. 
1 6.  Tbe  sixth  system  (Fig.  01)  is  called  Uic  Tnclinic  Syittm, 
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and  coHBists  of  three  unequal  axes,  wliich  are  all  inclined  to  each 
other.  One  of  these  axes  is  selected  aa  the  vertical  axis,  and  the 
half-length  of  this  axis  will  be  represent- 
ed by  b.  The  half-lengths  of  the  two 
laterni  axes  will  be  represented  by  a  and 
c.  The  angles  of  inclination  between  tlie 
axes  will  be  represented  as  follows :  — 

H  on  b  by  y,  ^^ 

.    a  on  c  by  ^,  S 

b  on  c  by  a-  ^^k 

The  symbol  of  this  system  is  the  ratio 

a  :  b  :  c,   with   the   angles   a,  ^,  y.     In 

crystals  of  snlpliate  of  copper,  a  :  /»  :  r  = 

1  :  0.0708  :  l.TtlSS,  and  a  =  82°  21'..5,   j3  =  77'  37'.5,  y  = 

73°  lO'.S.     In  crystals  of   biuliromate   of   potash,   a  :  b  :  e^ 

1  :  0.9886  :  1.794,  and  a  =  82°,  ji  =  83°  47',  y  =  89°  8'.5. 

All  crystals  which  have  the  same  system  of  axes  are  said  to 
belong  to  the  sanie  crpsta/Hne  system;  and  hence  all  crystals 
may  be  classified  under  six  crystalline  systems,  corresponding  to 
the  systcniB  of  axes  just  described.  The  systems  of  crystals  lia^-c 
the  same  names  as  the  systems  of  axes. 

(83.)  Centre  of  Cryxtal,  and  ParameUn.  —  The  point  at 
which  the  axes  of  a  crystal  intersect  is  called  the  centre  of  the 
criislal. 

If  we  suppose  the  axes  of  a  crystal  indefinitely  produced,  it  iB 
evident  that  each  of  its  planes,  if  also  produced,  must  intersect 
each  of  tJie  axes,  either  at  a  finite  or  at  an  infinite  distance  from 
its  centre.  The  distances  of  the  points  of  intersection  from  tljo 
centre  arc  called  the  parametm  of  the 
planes.  Each  of  the  planes  of  the  crystal 
represented  in  Fig.  62,  for  example,  would, 
if  produced,  intersect  the  three  axes  of  the 
monomctric  system  at  distances  from  Uie 
centre  equal  to  a  :  3a  :  3a  respectively, 
a  representing,  as  stated  above,  the  length 
of  any  semi-axis.  These  lengUis  are  the 
parameters  of  each  plane  of  the  crystal. 
Wlien  a  plane  is  parallel  to  a  given  axis,  it  may  be  regarded  as 
intersecting  it  at  an  inBnite  distance  from  the  centre,  and  hence 
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its  p«niin«t«r  zQcaEurcd  on  thia  axis  ts  inliiiity.  Tha  faces  of  a 
oube.  for  example,  intersect  one  axis  of  the  moiiometric  sys- 
tem at  tlie  distance  a  from  the  centra  (Fig. 
63),  and  aro  parallel  to  the  other  two. 
Tbe  parameters  of  each  face  arc  therefore 
a :  00  o  :  a>a.  So,  also,  each  of  the  faces 
of  the  dodecahedron  (Fig.  04)  intersects 
two  of  the  axes  of  the  monometric  system 
at  the  distance  a  from  the  centre,  and  is 
panllel  to  the  third  axis.  Hence  the  po- 
niaoters  of  each  face  ara  a  :  a  :  rx  a. 

It  has  already  been  stated  tliat  the  crys- 
tals of  a  given  substance  have  always  axes 
of  the  same  relative  lengths,  and  with  the 
same  relative  inclination.  It  is  also  true 
that  the  parameters  of  the  planes  of  any 
CTTBtal  of  a  gircn  substance  are  always 
eqitai,  cither  to  the  lengths  of  the  semi- 
axes  on  which  they  are  measured,  or  else  to  some  simple  niulti- 

^^^ea  or  Bubmulliples  of  these  lengths.     Plcnce  it  follows,  that  tlii; 

^^■mtDetcrs  of  any  plane  of  a  cry^ital  may  always  be  expressed 

^^by  simply  in  terms  of  its  axes,  as  aljovc. 

^H(ft4.)  Similar  Axfi.  —  In  any  system  of  axes  ^  one  axis  or  onf. 
temi-aais  is  said  to  he  similar  to  another  ti.ris  or  to  ana/her  semi- 
axis,  trhen  the  tico  have  the  same  length  and  the  same  iarHna- 

^tfoiu  to  the  other  axes  or  semi-axes.     It  is  important  to  apply  this 

^Ipbiitiua  to  the  different  systems,  and  distinguish  tbe  similar 

^^■t*  in  each. 

^^B.  In  tbe  tuonometric  system,  alt  tbe  axes  and  all  the  semi-axes 

^^B  rimilar. 

^^Bt.  In  tlte  diinetrie  system,  the  two  lateral  axes  ore  similar,  and 

^4w>  Ibo  four  halves  of  these  axes  are  similar.  Tbe  two  balvca  of 
Ibe  rertical  axis  are  also  similar  to  each  other,  but  tliey  are  not 
nmiUr  to  the  halves  of  the  Uteral  axes. 

S.  In  tbe  hexagonal  system,  tbe  three  lateral  axes  are  similar, 
and  their  six  halves  aro  also  similar.  The  two  halves  of  tlte  ver- 
lieal  axis  are  also  similar  to  each  other,  but  not  similar  to  the 
halvea  of  the  lateral  axes. 

4.  In  tba  triiDCtric  system,  alt  three  axes  are  dissimilar,  but  tlie 
two  halves  of  each  axis  arc  similar  to  each  other.     By  referring 
11- 
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to  tho  notation  given  in  tlio  previous  sections,  it  will  bo  seen  that 
in  tlie  first  four  systems  similar  semi-ases  Imve  in  evoty  case  boea 
designated  by  tlio  same  letter,  and  that  the  dissimilar  semi- 
have  been  distinguished  by  dillereiit  letters. 

5.  In  the  moaoclinic  system,  not  only  the  three  axes  are^ 
dissimilar,  but  moreover  the  two  halves  of  the  same  axis 
in  all  cases  similar  to  each  other.  The  two  halves  of  the  ortho- 
diagonal  are  similar,  but  the  two  halves  of  the  klinodiagoual,  al- 
though thoy  have  the  same  length,  have  not  the  same  inclination 
to  any  one  half,  say  the  upper  half,  of  the  vertical  axis,  and  ara 
therefore  dissimilar.  Tho  same  is  true  reciprocally  of  tlie  two 
halves  oC  the  vertical  axis.  In  order  to  distinguish  the  dissimilar 
halves  of  these  axes,  we  will  accent  the  b  wJien  it  refers  to  the 
lower  Imlf  of  tho  vertical  axis,  and  also  accent  the  c  when  it 
refers  to  the  hiUr  of  the  klinodiagonal,  which  is  inclined  to  b  at 
an  ohtuse  angle.  The  notation  of  the  monoclinic  system  of  axes 
is,  tlion,  as  follows  :  — 

a  =  either  half  of  the  orthodiagoi 

/;  =  tho  upper  half  of  the  vertical 

/)'  ^=  tlie  lowerhalf  of  the  vertical 

(■  ^  tho  half  of  theklinodiagonal  whidi 

is  inclined  to  A  at  an  acute  angle. 

c'  !=  thchalfof  the  klinodiagoual  which 

is  incliaed   to  b  at   an   obtl 

angle. 

a.  =  angle  of  b  on  r. 

It  is  evident  that  the  anglo  of  b 
is  equal  to  the  anglo  of  b'  on  c' 
vertical  angles  ;  and  hence,  that  b  and  c  together  are  simil 
position  to  b'  and  c'  together. 

6.  In  the  triclinic  system,  all  the  semi-axes  are  dissimilar, 
tlio  two  halves  of  each  axis  may  ho  distinguished  by  acceutt 
as  in  tho  monoclinic  system. 

(85.)  Stmihr  Plitnes. —  Similar  planes  are  those  whose 
elers,  measured  on  similar  semi-axes,  are  equal.  There  is  no  dj 
culty  in  distinguishing  similar  planes,  by  moans  of  lliis  definition, 
in  any  except  the  last  two  systoms  of  axes,  since  in  all  the  other 
systems  those  planes  are  similar  which  in  tho  notation  bore 
adopted  have  Cfjual  parameters,  and  none  others. 

In  tho  inouoclinio  and  triclinio  systems,  however,  two  plonu 
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are  Eimilar,  not  only  when  tlicy  have  equal  parameters,  but 
also  wlieii  the  parameters,  measured  on  the  dissimilar  halves  of 
tlie  EOmo  axes,  are  in  both  cases  oppositely  accented.  For  ex- 
ample, in  the  monocUnic  system,  two  pianos  are  similar  whose 
parameters  are  a  :  2b  :  c,  and  a  :  2  b' :  c'.  In  the  two  symbols, 
the  two  halves  of  the  disgimilar  axes  are  oppositely  accented. 
On  tlie  other  hand,  two  planes  whose  parameters  are  a  :  2  b  :  c, 
and  a  :  2  b  :  c',  are  not  similar. 

In  the  triclinic  system,  since  the  six  semi-axes  are  all  dissimi- 
hr,  no  two  planes  are  similar,  unless  the  three  parameters  of  the 
one  are  all  accented  oppositely  to  tlio  three  parameters  of  the 
ether.  Thns,  two  planes  are  similar  whoso  parametera  are 
a:  b  :  2  c,  and  a'  :  b' :  2  c',  respectively, 

(8<j.)  Holohedral  Crystalline  Form.  — 
A  holohedral  cfystalline  farm  is  the  vnion 
of  all  the  possible  similar  planes  which  can 
be  arranged  around  a  given  system  of  axes. 
Thus,  the  fonn  of  Pig.  6(5  is  the  union  of  nil 
tfie  possible  planes  having  the  parameters 
2  a,  which  eon  be  arranged  round 
'flie  monometric  system  of  axes.  So  also 
0ie  form  of  Fig.  67  is  the  union  of  all 
tlie  possible  planes  having  the  parameters 
a  :  o  :  00  ffl  :  i,  which  can  be  arranged  round 
the  hexagonal  system  of  axes.  Botli  of 
aro  therefore  holohedral  forms. 

It  must  not,  however,  be  inferred  from 
examples  that  a  crystallino  form  is  a1- 

lys  a  crystal,  and  that  it  always  enclosos 
The  word  form  is  used  in  crystal- 
■aphy  in  the  technical  sense,  as  (Icrined 
above.     A  form  may  consist  of  only  two  planes.     Thus,  the  two 
basal  planes  of  the  hexagonal  prism  (Fig.  08) 
are  a  crystalline  form,  because  they  are  all  tbo 
possible    planes,   having  the   parameters    oo  a : 
CO  o  :  rx  a  :  b,  which  can  l>e  arranged  round  the 
hexagonal  system  of  axes.     In  like  manner,  the 
BLZ  planes  on  the  convex  surface  of  the  prism, 
being    all    the    planes    having    the   parameters 
ft:  a:  oo  a  :  cab,  which  can  be  arranged  round 
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the  same  system  of  axes,  form  another  hololiedrol  crystalline 
form.  In  ncitJier  caso  does  the  form  encloso  space,  ll  rc<iuircs 
the  combination  of  the  two  forms  to  complete  the  crystal.  In  the 
trlclinic  system  no  crystalline  form  can  consist  of  more  than  two 
planes ;  and  hence  the  combination  of  at  least  three  crystalliue 
forms  is  rorjuircd  in  this  system  to  compk'te  a  crystal. 

The  parameters  of  one  of  the  planes  are  used  as  the  symbols 
tho  holohodral  crystalline  form.  Tims,  the  parameters  pri: 
below  tho  Figs.  6(>  and  67  not  only  denote  the  position  of  eacli 
plane  of  tho  form  with  reforonco  to  tho  axes,  but  they  are  also 
used  as  tho  symbol  of  tho  form  itself,  fl'hen  a.  crystal  oonsiiKts 
of  two  or  more  crystalline  forms,  like  the  one  represented  ill 
Fig.  68,  we  use  as  the  symbol  of  the  crystal  the  ceveral  symbols 
of  tho  crystallme  forms  of  which  it  consists,  written  one  alW 
the  other,  or  one  beneath  tho  other,  as  convenience  may  d: 
Examples  of  these  symbols  may  be  seen  beueatU  the  figures 
Crystals  on  this  and  the  few  following  pages. 

(87.)  Hemihedral  Crystalline  Form.  —  A  hemiliedral  cryttal- 
line  form  is  the  union  of  one  half  of  the  possible  similar  planes, 
which  can  be  arranged  round  a  given  system  of  axes.  The  form 
represented  in  Fig.  69  is  the  union  of  all  the  possible  planus  ha^ 
ing  tho  parameters  a  :  a  :  a,  which  can  be  arranged  round  the 
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monoraotric  system  of  axes,  and  is  therefore  a  holohcdral  for 
The  form  of  Fig.  70  is  the  union  of  one  half  of  the  plai 
ing  tho  same  parameters,  and  arranged  round  the  same  syi 
of  a-tes.     It  is,  therefore,  a  hemihedral  form.     This  form  is  o 
the  tetrahedron,  and  it  may  bo  regarded  as  derived  from  th«  A 
tahedron,  Ijy  suppressing  every  other  plane  of  this  form  and  p 
ducing  the  rest.     Hence,  it  is  frequently  called  tho  hemihai 
form  of  tho  octahedron.     The  form  of  Fig.  70  is  obtained  by  p 
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ducing  one  set  of  tho  allumatc  pliincs  of  iho  octalieilron  of  Fig.  65. 
\(,  now,  Wi3  suppress  tliis  sot  of  planes,  and  jirodiice  tlie  otlier  set 
of  Uie  alternate  |>Iancs  of  tho  octahedron,  wc  hholl  obtaiu  a  eccond 
tctmlipdron ;  difTering,  however,  Irom  Uio  first  only  iit  ri'lativo 
(Mwition.  This  form  is  Buiil  to  ho  the  7ie^alive  of  the  first.  We 
tiM,  a»  iho  symbol  of  &  hcmihcdml  fonn,  tlii;  symWI  of  the  cor- 
nspDodtitg  liolohodral  form,  preceded  hy  t!ic  fraction  i,  and  we 
dlrtinguish  between  the  two  li'imihcdral  forms  of  which  the 
Iwlobedral  form  may  be  supposed  to  coneist,  by  means  of  the 
agiu  pins  aiid  minus,  aa  shown  by  the  symbols  bcnoath  Figs. 
70  and  71. 

(88),  Telarlohedrat  Crystalline  Formt. — A  tetartohedral  erys- 
]Hneform  it  the  vnityn  of  one  quarter  of  Ike  possible  similar 
met  tehich  can  be  arranged  round  a  given  system  of  axes. 
ti  fbrou  are  met  with  ainung  crystals,  hut  they  are  of  compar- 
kely  rare  occurrence.  They  arc  designated  by  writing  the 
I  before  the  symbol  of  the  corresponding  holohcdral 

9.)  Simple  and  Covipound  Crystals.  —  A  crystal  is  said  to 
nple,  when  it  is  bounded  by  the  planes  of  one  crystalling 
fonn  cMily  ;  and  to  be  compound,  when  it  is  boimded  by  the  planes 
of  wTcral  crystalline  forms.     Thus,  the  crystals  represented  by 


Pi(n.  "2,  78,  and  74  are  fiimplc.  hoctiuso  in  each  case  all  llio 
planes  whicli  boiuid  the  crystal  have  the  same  parameters.  On 
the  other  bond,  the  crystals  represented  by  Figs.  75,  76,  and  77 
on  compound  crystals,  because  there  are  two  or  more  sets  of 
pUnes  on  each  crystal,  of  which  tho  planes  have  different  param- 
eten,  Tho  faces  of  tho  crystals  are  lettered,  and  below  each 
crVBtAl  tlio  parameters  of  each  set  of  planes  are  given  opposite  to 
ti»  ourreejMUiding  lettering. 
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Most  of  the  crystals  which  we  meet  witli  are  comjwund  crrs- 
taXs.  Indeed,  in  the  monoclinic  and  triclinic  syetems,  we  camiut 
have  a  simptc  crystal,  because  in  these  systems  no  slngl 
talliiie  form  will  enclose  space,  and  simple  crystals 
found  in  any  of  the  systems,  with  the  exception  of  t]ie  i 
metric  and  hexagonal. 

(90.)  Dominant  and  Secondary  Forms.  —  It  is  Beldom  i 
the  fiicos  of  the  various  forms  of  \t*liich  a  comirauud  i 
consists  are  equally  developed  and  conspicuous.  As  a  £ 
rule,  the  faces  of  ouo  form  are  more  promiaeut  than  those  of  flto 
others,  and  give  to  the  crystal  its  general  aspect.  This  form  it 
then  called  the  dominant  form,  and  the  otliers  are  called  src 
ondary  forms.  Figs.  78,  79,  and  80  represent  three  compound 
crytaU,  each  of  wliich  consists  of  faces  of  a  cube  couibiniid  with 


those  of  an  octahedron.    In  Fig.  78,  the  faces  of  the  cube  are  dot 
inant,  and  those  of  the  octahedron  are  secondary.     In   Fig.  79, 
the  two  sots  are  equally  developed,  and  in  Fig.  80  the  faces  of 
the  octahedron  are  dominant.     In  writing  the  (symbols  of  c 
pound  crystals,  we  always  write  tiie  symbols  of  the  dotnln 
form  first,  and  the  symbols  of  the  secondary  forms  in  tho  ( 
of  their  promiuonco. 
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hjh  ihc  faces  of  tlic  dominant  form  arc  so  much  developed 

I  giro  Uicir  gcnerni  aspect  to  the  crystal,  it  is  usual  to  dc- 

B  the  crystal  as  having  tlic  dominant  form  modijied  hj  tlio 

(  of  Ui«  Boeondary  forms.     For  example,  the  crystal  repre- 

1  in  Fig.  78  wunld  be  described  as  a  cube  modified  by  an 

m,  and  the  rrvstal  of  Fig.  80  ae  an  octahedron  modified 

ftcabo.     In  Fig.  78,  the  solid  angles  of  the  cube  have  been 

/  by  planes  of  an  octuhedron,  and  in  Fig.  80  the  solid  au- 

pof  Uie  octahedron  havo  been  replaced  by  planes  of  a  cube. 

^1.)  Dr/lnilwrts.  —  A  crystalline  form  may  modify  another 

tdillbrent  ways,  and  several  technical  terms  arc  iised  in  de- 

bbing  tJioso  moditicatioiia,  which  it  is  important  to  understand. 

V'niiicaiioa.  —  When  the  edge  of  a  crystal  is  replaced  by  a  piano 

f  inclined  to  the  adjacent  faces,  and  forming  with  tliem 

I,  tlie  edge  is  said  to  he  truncated.     In  like  manner, 

j;le  is  said  to  be  trunctitcd  when  it  is  replaced  by  a 

illy  inclined  to  the  similar  adjacent  faces.     Figs.  81, 


nt  Ri 


f3 


mplcB  of  truncation  of  edges,  and  Figs. 
■  of  Inincation  of  solid  angles. 
f. — If  an  edge  is  replaced  by  two 
s,  ta  in  Fig.  84,  each  of  which  is  in- 
d  to  llic  adjacent  face  at  the  same  angle, 
I  vliicli  form  with  these  faces  parallel  iu- 
etioiis,  the  edge  is  said  to  be  bevelled. 
milar  edgrs  are  those  formed  by  the  in- 
tction  of  two  planes  which  arc  similar 
Mcli   to   each.      Similar   tolid  angles   are 
Ihofe  formed  by  the  union  of  three  or  more 
9  which  arc  similar  each  to  each. 


I 
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The  modifications  on  crystals  follow  one  of  two  simple  laws : — 

1.  All  the  similar  parts  of  a  crystal  are  simultaneously  and 
similarly  modified. 

2.  Half  the  similar  parts  of  a  crystal  are  simultaneously  and 
similarly  modified  independently  of  the  other  haif. 

It  sometimes,  although  more  rarely,  happens,  that  only  one 
quarter  of  the  similar  parts  of  a  crystal  are  simultaneously  and 
similarly  modified. 

The  modifying  planes  which  are  distributed  on  the  edges  and 
solid  angles  of  the  dominant  form  in  accordance  with  the  first 
law,  are  the  planes  of  holohedral  forms  ;  those  which  are  distrib- 
uted in  accordance  with  the  second  law,  are  the  planes  of  hemi- 
hedral  forms. 

(92.)  Forms  of  Crystals  belonging  to  the  various  Systems.  — 
We  shall  only  be  able,  in  this  place,  to  give  figures  of  the  most 
important  forms  in  each  system,  and  must  refer  the  student  to 
the  special  works  upon  Mathematical  Crystallography,  for  a 
full  development  of  the  subject.  As  it  is  difficult  for  unpractised 
persons  to  obtain  a  perfect  conception  of  solids  from  projections, 
the  student  is  advised  to  prepare  models  of  the  more  important 
forms.  These  can  be  readily  made  with  the  outlines  of  crystal 
forms  which  are  given  in  several  Gterman  works  on  Crystallogra- 
phy, and  which  have  in  several  cases  been  published  separately.* 
Crystal  models  of  wood  or  of  porcelain  can  be  obtained  from 
dealers  in  philosophical  instruments;  but  by  far  tlie  most  in- 
structive models  are  made  with  glass  faces  fastened  together  with 
strips  of  colored  paper  pasted  on  the  edges.  Each  set  of  similar 
edges  is  distinguished  by  its  special  color,  and  the  axes  are  indi- 
cated by  colored  strings  within  the  model.  The  mode  of  oom- 
position  of  compound  forms  may  be  beautifully  illustmted  Ijf 
making  the  dominant  form  of  card,  and  then,  outdde  of  flii 
and  enclosing  it,  the  secondary  form  of  glass. 

MoNOMETRic  System. 

The  simple  holohedral  forms  of  the  monometric  system  are 
seven  in  number,  and  are  named  as  follows,  the  numbers  above 
the  figures  corresponding  to  the  numbers  before  the  names. 


*  Kiystallfomicnnetze  zum  Anfcrtifi^  ron  KTTBtallmodellen,  ron  Dr.  Adolf  Kenn- 
gott.    Wicn,  1856.    To  be  procured  from  B.  Westemuuin  &  Co.  of  New  Yoik. 
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Fig.  86 
I :  a.  Octahedron,  Solid  bounded  b^rScquiUicral  triangle*. 

I  :  n  d.      Tripinnl  triakisoelttheclroii.  "  ■'  3x8  uoncelo  " 

■  u  :  M  a.  Tptrtieonal  triftkiwwlaheiJron.  "  "  3X8  quBilriUterJg. 

K  a  :  n  a.    Hi':iaki*«clahcdn)n.  "  "  6x8  srnlcnu  (ruingle*. 

I  :  m  a.      RhomHic  dodecxhi-ilron.  "  "  13  thomhi. 

ma--i>a.  Trim  I;  it-he  xahcrlron.  "  "  4  x  6  isoscclo*  triangle*. 

OB  a  -  HE  a.  HexBhcdron  (cuhcj.  "  "  6  siiuaics. 

12 
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Three  of  these  forms  —  the  octahedron,  a:  a:  a,  the  dodecalie- 
dron,  a:a  :  oo  a,  and  the  hexahedron,  a  :  oo  a  :  oo  a  —  have  iiiYa- 
riable  parameters,  and  therefore  do  not  admit  of  any  Yariation 
in  the  relative  position  of  tlieir  planes.  They  are  frequently 
called  the  fundamental  forms  of  the  system.  The  parameters 
of  the  remaining  four  forms  are  variabley  and  the  exact  position 
of  their  planes  depends  on  the  values  given  to  m  and  n,  which 
are  always  very  simple  rational  numbers.  The  relation  between 
the  forms  can  easily  be  seen  from  the  disposition  of  the  crystals 
in  the  above  figures.  For  example,  in  the  trigonal  triakis-octahe- 
dron,  when  the  value  of  m  is  unity,  the  solid  angle  o  disappears, 
and  the  form  becomes  an  octahedron.  As  we  give  to  m  larger  and 
larger  values,  tlie  angle  o  becomes  more  and  more  prominent ; 
and,  finally,  when  m  =3  oo,  the  two  planes,  meeting  at  the  edge 
dj  coincide,  and  the  form  becomes  the  dodecahedron.  There 
may,  therefore,  be  an  infinite  number  of  trigonal  triakis-octalie- 
drons,  varying  between  the  two  limits  of  ilie  octahedron  on  the 
one  side,  and  the  dodecahedron  on  the  other.  By  drawing  a 
series  of  these  forms  with  gradually  increasing  values  of  m,  the 
relation  can  easily  be  made  evident  to  the  eye.  In  like  manner, 
the  tetragonal  triakis-octaliedron  is  an  intermediate  form  between 
tlie  octaliedron  and  the  cube,  and  within  these  two  limits  there 
may  be  an  infinite  number  of  forms  witli  difierent  values  of  m. 
In  fact,  however,  only  a  Yery  few  of  tlie  possible  varieties  of 
either  of  these  forms  have  been  found  in  nature,  the  most  fre- 
quent occurring  values  of  m  being  },  2,  {,  and  3. 

Again,  the  tctrakis-hexahcdron  is  a  variable  form,  intermediate 
between  the  dodecahedron  and  the  cube.  When  m  =  1,  tlie  pair 
of  faces  meeting  at  vi  coincide,  and  we  have  the  dodccaliedion. 
As  the  value  of  m  increases,  the  solid  angle  at  A  becomei  mon 
and  more  obtuse,  until,  when  m  s=s  00,  the  four  planes  meeting^ 
A  coincide,  and  we  have  a  cube.  Finally,  the  hexakis-octahednm 
is  tlie  central  form  of  tlie  triangular  group.  It  can  easily  be  nea 
that  it  is  intermediate  between  the  octahedron  and  the  tetnki^ 
hexahedron,  between  the  cube  and  the  trigonal  triakis-octahedron, 
and,  lastly,  between  the  dodecahedron  and  the  tetragonal  triakis- 
octahedron.  To  trace  out  these  relations,  both  in  the  symbols 
and  the  forms,  is  left  for  an  exercise  to  the  student. 
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Simple  JJemUiedral  Fo. 

1.  Obli-pie  )Jfm!Kf1rnl  For 


There  ar«  two  gnmp*  of  »inp>  heaitb«4nl  faras  im  (b*  rcg- 
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those  of  the  second  are  parallel.  Honce  tlie  forms  of  the  first 
group  havo  been  called  oblique  hemUiedral  forms ;  those  of  the 
second,  parallel  hemihedral  forms.  The  STmbols  of  the  oblique 
hemihcdral  forms  are  formed  by  vritiug  J  before  the  sfmbol  of 
tlie  corrcRpondiiig  holohedral  form  enclosed  iu  parentliesos,  thus: 
\  (a:  ma  •.ma').  The  symbols  of  the  parallel  hemiJiedrol  forms 
are  formed  by  writing  j  before  the  symbol  of  the  corrcspoudiug 
hololicdral  form  enclosed  in  brackets,  thus:  \  [a  ;  m  a  :  m  a\. 

The  obliqiio  hemihcdral  forms  of  tlie  monometric  system, 
which  arc  seven  in  number,  are  represented  in  Fig.  86.  Each 
of  these  forma  has  a  holohedral  form  corresponding  to  it  in  por- 
tion iu  Fig.  85.    They  are  named  as  foUoTS :  — 

TetnhednHi.  4  eqnUaMnl  biuigic*- 

TMiagMwl  trUkia-ieinliedrav.  3x4  qoadiibterak. 

Trigooml  triakis-tclnihednui.  8X4  tooMdw  triugkt. 

BexkUMetnhednin.  1X4  lemlMW         " 
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Tlie  mode  by  which  the  tetrahedron  is  derived  from  the  oo- 
taliedron  has  already  been  explained.    In  Fig.  87,  the  planes 
of  the  octahedron  which  are  suppressed  are 
"Jf    ■  shaded,  aud  those  which  are  extended  are  loft 

^  \^  light.     By  comparing  this  figure  with  the  fig- 

^^B       ^^  lire  of  the  hexakis-octahedron  (Fig.  88),  in 

^^^^^^^^       which  the  parts  corresponding  in  position  to  the 
^v  ^^^^         shaded  parts  of  the  octaliedi-on  have  also  been 
\^^  shaded,  and  the  reverse,  it  will  be  seen  that  a 

a;a:a.  group  of  six  planos  corresponds  iu  poutioD, 

on  this  fonn,  to  a  single  piano  on  tlie  octahe- 
dron. If,  uow,  we  extend  the-  parta  oo  this 
form  corresponding  to  tlie  parts  which  were 
extended  on  the  octahedron,  that  is,  eveiy 
other  set  of  six  planes,  those  left  light  in  the 
figure,  we  sliall  obtain  the  licxakis-tetrabednm, 
a  form  which  bears  the  same  relation  to  the 
totralicdron  that  the  hcxakis-octahedrou  does 
to  the  octahedron. 
Iu  like  manner,  if  we  apply  the  same  principle  to  the  trigonal 
triokis-octahcdrou  and  to  tho  tetragonal  triakis-octaliodron, extend- 
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inp  in  tbcsc  cases  every  other  set  of  three  planes,  and  suppressing 

the  oltenittU]  Ects,  wc  Ehall  obtain  Uiu  tetragonal  triakis-tctralio- 

I  and  tl>e  trigonnl  triakiH-tctralicdron.     It  will  bo  noticed, 

verer,  that  tlie  trigonal  triakiii-tictahedrou  gives  tlie  tetragonal 

bkis-tctrahcdron,  and  the  reverse. 

1  Fig.  89,  the  portions  of  the  cube  con-csponding  in  position 
ic  planes  of  the  octahodron  which  vere  siijiprcssed  are  shaded, 
1  it  can  be  easily  seen,  tliat,  if  those  portions 
B  cube  faces  wliicb  are  not  shaded  are  ex- 
idL-d,  llicy  will  fonn  again  a  cnbe.    The  same 
I  of  the  tetrakis-hexahcdron,  us  may  be 
1  br  Fig.  90,  and  also  of  the  dudocalicdrun. 
tbor  words,  the  same  process  ljy  which  tlie 
[alK-dron  is  derived  from  the  octahedron,  ap- 
to   these   tlireo  forms,  reproduces  these 
I  again.     These  forms  ore  at   once   both 
lohedral  and  oblique  homihcdral  forms,  aoid 
e  tlterefore  a  place  in  both  groups. 
Tjo   seven   oblique   liemihedral   forms   bear 
r  relations   to   each  other  to  those  sus- 
by   the   holohedral   forms,  which  have 
a  already  fully  explained.     The  betraliedron, 
k  dodecahedron,  and  tlie  culte  are  invariable 
The  rest  admit  of  limited  variation  i 
r  flocs,  depending  on  llie  values  of  their  parameters.     Thus, 
e  tetragonal  iriakis-tetrahedron  is  an  intermediate  form  between 
B  tetrahedron  and  the  dodecahedron,  admitting  of  every  possible 
iation  between  these  two  limits.     So  also  the  trigone  triakis- 
idron  is  an  intcnnediate  form  betn'cen  the  tetraliedroa  and 
D  cube,  and  the  hexalcis-tetrahcdron  an  intermediate  between  all 
t  forms  of  the  groups.     These  relations  can  easily  he  studied 
r  Uie  ntodeiu,  both  by  meajis  of  tlio  symbols  and  also  by 
s  of  tlio  figures  of  tlie  forms, 
lorrcsponding  to  each  of  the  hemihedral  funaa  of  Fig.  86, 
I  inverse  form,  which  would  be  generated  by  extending 
!  planes,  or  sets  of  planes,  which  were  suppressed 
^"The  nt^tive  forma  differ  from  the  corresponding  posi- 
I  only  in  their  position.     In  any  case,  if  the  negative 
fiimi  a  turned  round  on  its  vertical  axis  one  quarter  of  a  revolu- 
1  coincide  with  the  positive  form. 
12- 


I  the  position  of 
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2.  ParalUl  Ifrmi/ieilral  Forms. 


The  parallel  liotniliedral  forma  of  the  monometric  syBtom 
be  generated  by  extending  altornato  pairs  of  planes  of  Llio  hotd 
octahodron,  or  tlic  portions  of  planes  which  correspond  to  llieao  pairs 
ou  the  other  forma.    lu  Fig.  92,  tlio  pliuioa  of  the  hexalds-octa 
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,  which  are  suppressed  in  this  process,  arc 
ided.  and  those  to  bo  extended  left  light.  Tlio 
MM  of  the  latter  set  of  planes  loads  to  the 
a  of  Fig.  9t,  which  is  called  the  diakis- 
If,  now,  we  extend  the  portions  of 
i  the  other  forms  wliicli  corre»<pund  tu  the 
pairs  on  tbo  hcxakia-octahedrou  in  -po- 
lon,  wo  shall  obtain  in  the  cose  of  the  tctrakis-hcxahedron  the 
Diagonal  dodecahedron;  but  in  all  the  remaining  five  forms 
B  extcusiou  will  reproduce  the  original  form,  lu  Figa.  93, 94, 
■V  n  lie.  M.  lit.  »^-  '>(-  (»■ 


96,  the  portions  which  correspond  in  position  to  the  alter- 
pairs  of  the  hexakis-octahcdron,  on  the  octahedron,  the  two 
:i«-octahedrons,  the  dodecahedron,  and  the  cul>e,  are  left  light, 
it  can  easily  l>c  seen  tliat  the  extension  of  these  portions 
vOl  teproduco  tlic  original  form.  It  appears,  tlicrefore,  that  the 
•aim  process  by  which  the  diakis-dodecaJiedron  is  derived  from  the 
.i»-octahcdron,  and  the  [H<ntngonal  dodecahedron  from  the 
ib-boxaliodroii,  applied  to  the  other  five  simple  holohedral 
reproduces  these  forms  again.  These  forms  are,  therefore, 
once  holohcdral  and  parallel  liemihcdrol  forms,  and  have  a 
placo  in  both  groups.  ]t  will  also  be  noticed  that  the  rhombic 
dodixalMtdroa  and  the  cube  belong  to  all  three  groups. 

u   not   necessary  to  enumerate   the  names  of  Uio   seven 
forms  of  this  group,  since  tliey  arc  the  same  as  those 
lioluhcdnti  group,  with  the  exception  of  the  two  whoso 
lave  just  been  given.     The  symbols  of  the  parallel  hcnii- 
an  tlio  same  as  llioso  of  the  corresponding  oblique  hcuii- 
I,  with  the  exception  that  the  bracket  is  used  in  place  of 
inlhvsis.     The  forms  of  Fig.  91  are  all  positive,  hut  a  cor- 
luding  group  of  negative  forms  can  easily  be  constructed,  by 
llic  alternate  planes  or  portions  of  planes  which  were 
before,  that  is,  those  which  are  shade 
^  M,  95,  96. 
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Tho  relations  between  the  seven  parallel  hemihedral  forms  are 
similar,  in  all  respects,  to  those  which  exist  between  the  forms  ia 
the  other  two  groups.  The  octahedron,  tho  rhombic  dodecahe- 
dron, and  the  cube  are,  as  before,  invariable  forms.  Tho  remain- 
ing four  are  variable  forms,  the  exact  position  of  the  planes  de- 
pending on  the  values  of  the  parameters.  Since,  after  the  detaik 
already  given,  the  relations  of  these  forms  can  easily  be  traced  by 
the  student,  wo  need  not  dwell  upon  tho  subject. 

Compound  Forms. 

It  is  only  the  forms  of  the  same  group  which  are  found  united 
on  the  same  crystal.  For  example,  we  find  tlie  cube  and  tte 
rhombic  dodecahedron,  which  are  coounon  to  the  three  geiflsfif 
combined  with  any  one  of  the  other  simple  forms  of  the  systeBlytjil 
we  never  find  tho  octahedron  combined  witli  the  hexaki84etE«h^ 
dron,  nor  the  pentagonal  dodecahedron  combined  with  the  tetra- 
hedron. In  order  to  become  familiar  with  the  compound  forms  of 
this  system,  the  best  method  is  to  study  each  form  in  suecessicmy 
and  consider  how  it  will  bo  modified  by  each  of  the  other  forms 
of  the  system,  when  it  i9  tlie  dominant  form  in  the  combinatioii. 
After  the  description  which  has  been  given  of  the  simple  forms  of 
the  system,  the  student  will  be  able,  witli  a  little  study,  to  dit- 
cover  the  nature  of  the  modifications  in  each  case,  and  lie  caii 
confirm  his  results  by  referring  to  the  figures  of  the  compound 
forms  given  in  the  larger  works  on  Crystallography.*  We  will 
take  the  case  of  the  octahedron  as  an  illustration. 

The  cube  modifies  the  octahedron  by  truncating  its  solid  angles. 
The  rhombic  dodecahedron  modifies  it  by  truncating  its  edges ; 
the  tetragonal  triakis-octahedron  by  replacing  its  solid  aug^ 
by  four  planes,  which  are  variously  inclined  on  the  faces  of  the 
octahedron,  tho  inclination  depending  on  the  value  of  «»  in  the 
8yml)ol  of  the  modifying  form,  a:  ma:  ma.  Tho  trigonal  triakia* 
octahedron  bevels  tho  edges  of  the  octahedron,  the  interfadal 
angle  between  tho  bevelling  planes  and  the  faces  of  tlio  octahi^ 
dron  depending  on  the  value  of  vi  in  the  symbol  of  the  modifying 
form,  a  :  a  :  ma.  Tho  hexakis-octahedron  replaces  tho  solid  an- 
gles of  the  octahedron  by  eight  planes,  whose  inclination  on  the 
faces  of  the  dominant  form  de|)ends  on  the  values  of  m  and  n  in 

*  See  the  plates  of  Naumann's  "  Lelirbuch  der  Kn'stallo^^phic"    Lcipiig.   1880^ 
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spnbol  of  the  modifying  fonn,  a:  main  a.    Finally,  the 

i:i»-h<!xaIictlroii   replaces  the   solid  angles   of    tho    octaha- 

ren  bj  four   planes   inclined   on   tho   edges   of  the   dominant 

1  at  angles  which  depend  on  tho  value  of  m  in  the  symbol 

:  QD  a. 

1T^«  give  below  several  figures  of  compound  crysttJa.  Tlie 
mlmb,  which  are  also  added,  irill  furnish  a  soflicient  doscrip- 
n  of  Die  forms. 


r 
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DniETnic  System.                 ^^^^^^| 
Simple  Hohkedral  Forms.              ^^^^^1 
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The  most  important  simple  forms  of  the  dimetric  system^HH 
represented  in  Fig.  98,  and  tlie  forms  have  been  grouped  so  tln^^ 
ho  relation  between  them  can  be  easily  seen.    We  can  study  this 
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relation  to  the  best  advantage,  by  commencing  with  No.  2,  which 
is  called  the  square  octahedrony  and  whose  symbol  is  a  :  a  i  b. 
When  the  Icngtli  of  the  semi-axis  b  is  greater  than  that  of  ^,  as 
is  the  cose  in  crystals  of  sulphate  of  nickel,  where  a  :  /;  &= 
1 : 1.906,  then  the  octahedron  is  acute,  like  No.  8.  When, 
however}  the  length  of  the  semi-axis  b  is  less  than  that  of  a,  as 
11  the  case  in  crystals  of  acid  phosphate  of  potassa,  where 
e :  i  OS  1  :  0.6649  then  the  octahedron  is  obtuse,  like  No.  2. 

In  the  monometric  system,  we  can  have  only  one  octahedron  ; 
bet  in  the  dimetric  system  the  same  substance  frequently  pre- 
mte  WTeral  octahedrons.  In  all  cases,  however,  if  wo  reduce 
the  oetahedrons  to  the  same  base,  the  lengths  of  their  vertical 
axes  will  bear  to  each  other  very  simple  and  rational  ratios. 
Thus,  for  example,  on  crystals  of  sulphate  of  nickel  we  find  octa- 
hedrons, where  the  ratio  of  the  two  semi-axes  is  not  only  1 : 1 .000, 
bat  also  1 :  0.958  and  1  :  0.635.  The  first  of  these  octahedrons 
baa  been  selected  as  the  principal  form  of  this  suhs^tance,  iKscuuf^c 
it  is  the  one  which  is  the  most  frcr^uently  seen,  and  which,  in  com- 
pound dystals,  is  generally  the  dominant  form.  To  the  planes 
of  tiiia  form  we  give  the  symbol  a  :  a  :  by  and  then  the  ffymlxJs 
of  the  other  octahedrons  arc  a  :  a  :  i  b,  and  a  :  a  :  i  h. 

When  a  substance  presents  several  octahedrons,  we  are  guided 
in  the  selection  of  one  of  these  for  the  principal  form  by  many 
cirenmstances.  Among  these  may  he  mentioned  the  fre^jueney 
of  occurrence,  the  predominance  of  the  planes  of  tlie  different 
octahedrons  on  compound  cry«rial«,  tlie  yi^Mihu  of  tlie  planeM  of 
cleavage,  and  the  crystalline  form  of  other  Yn\Mi%iu:':^.  wliidi  are 
analogoas  in  composition  and  hom^'eomoq^ljon-,*  n^itli  it.  Tliis 
sdection  is  in  all  cases,  however,  more  or  less  arbitr?iry,  and  we 
mnst  be  eareful  in  comr«arin?  tl«e  crvbtallir.e  forrnn  of  oS'flerent 
sohstanoes  to  keep  ihi^  fact  i:.  Ti-;w,  siiice  ofh«;.-wiM:  we  might  te 
led  to  erroneous  conclusion*,  f 

Having,  then,  in  iLe  ca*e  of  a  jrive.-j  MiVAtar.'/:  'Tr^tailizirisr  in 
the  dimetric  system.  ^I'^yA  o.-ie  v.-v.h'y:ro:i  &»  the  prir.^;;*! 
form,  and  given  to  :i  the  ^.jmrrl  c  :  c  :  i.  w*;  j:.;ir  I^t^;  f,^  rrr^ 
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a  very  simple  rational  integer  or  fractiou.    Thus  we  maj  haw 
octaliedroiis  wlioso  symbols  arc 


j;2i, 


:ib. 
-.ib. 


0  octa- 
e  may 

I 


As  the  value  of  m  increases,  the  octahedrons  become  moro 
more  acute ;  and  finally,  when  m  =  a>,  the  octahedral 
become  parallel  to  the  vertical  axis,  and  we  lisve  the 
prism  whos©  symbol  h  a  :  a:  ix  b  (\o.  4,  Fig,  98),  Thi 
may  ro^rd  as  one  limit  of  the  series  of  octaliedrons.  Oa 
other  hand,  as  the  value  of  m  diminishes,  the  octahedrona 
come  more  and  more  obtuse ;  and  finally,  when  m  =  d,  tlie  octar 
hedral  planes  coincide  with  the  basal  plane,  No.  1,  which  we  may 
regard  as  the  otlicr  limit  of  the  series.  The  symlml  of  tlio 
plane  may  be  written  either  a :  a  :  0  £,  or,  as  is  more 
00  a :  GC  a  :  A,  which  is  obtained  from  the  first  by  multiplying 
parameter  by  oe,  remembering  that  0  Xoo  ^1. 

It  will  bo  noticed  that  neither  the  square  prism  nor  tho 
plane  encloses  space,  and  therefore  neitlier  can  alono  consl 
a  crystal.  The  two  combined  form  a  square  prism  ftitli  its 
plane,  which  is  therefore  a  compound  crystal. 

In  the  monometric  system,  the  axes  of  tho  octahedron  al 
unite  the  vertices  of  the  opposite  solid  angles.     In  the  dii 
system,  also,  the  vertical  axis  always  unites  the  vertices  of] 
two  solid  angles  forming  the  summits  of  tho  octahedron,  bu) 
lateral  axes  may  have  two  positions.     They  may  cither  unitdi] 
solid  angles  or  tho  centres  of  opposite  basal  edges.     The  two 
tions  which  these  axes  may  assume  are  represented  in  Fi 
100,  which  represent  sections  through  tho  base  of  the  octaliei 
We  may  thus  have  two 
hcdrona,  such  as  Noa.  S 
11.  of  difiercnt  dimcm 
but  yet  having 
are  perfectly  equal.     Thi 

CCS  of  tlio  octahedron 

"^■**-  Fig  iTO,  ],a5Q  ig  represented  by 

100  have  the  same  position  as  the  edges  of  the  octahedron 
base  is  represented  by  Fig.  99.     We  distinguish  the  two  ocl 
drons  by  calling  the  one  represented  In  No.  8  tlie  direct  ocl 


r 
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dron,  and  the  one  represented  in  No.  11  the  inverse  octahedron. 
Since  tlie  external  appearance  of  tlie  two  octahedrons  is  preciselj 
the  satnc,  it  is  not  always  possible  to  determine  to  which  form  a 
given  crystal  belongs ;  and  this  fact  introduces  a  still  further 
difficulty  in  determining  the  principal  form  of  a  substance. 

The  general  symi>ol  of  the  inverse  octahedron  is  a  :  caa:  mb, 
where  m  represents  any  simple  rational  integer  or  fraction.  Thus 
we  may  have  inverse  octahedrons  ou  crystals  of  tlio  smna  sub- 
stance, whose  symbols  are 


ca:b, 

c  a  ;  2  ft, 


i:  3t, 


:ib. 
■.ib. 


Ilhe  limit  of  this  series  of  octahedrons  on  one  side  is  a  square 
frism,  No.  12,  whoEO  symbol  is  a  :  oo  a  :  oo  6  ;  and  on  the  other 
^e  the  basal  plane,  whose  symbol  is  a  :  go  a :  o  ft,  or  oo  a:  cca:b. 
Between  the  direct  octahedron.  No.  3,  and  its  corresponding 
inverse  octalicdron,  No.  11,  there  is  an  intermediate  form.  No,  7, 
which  may  be  called  the  dioclahedron.  The  parameters  of  the 
faces  of  this  form  are  a  \  m  a  :  n  b.  M'hen  m  =  1  this  form 
becomes  the  direct  octahedron,  and  when  vi  =  cc  it  passes  into 
the  inverse  octahedron.  Again,  for  any  constant  value  of  m,  for 
example,  m  ^  2,  as  in  the  Jigure,  we  may  liave  an  infinite  scries 
of  dioc tailed rons  with  different  values  of  n.  As  the  value  of  « 
increases,  these  dioctahedrons  become  more  and  more  acute ;  and 
when  n  ^  00,  they  pass  into  the  octagonal  prism,  No.  8.  As  tho 
value  of  n  diminishes,  they  become  more  and  more  obtuse  ;  and 
when  n  s=  0,  they  pass  into  tho  basal  plane,  No.  5.  For  any 
other  value  of  m,  for  example,  m  =  3,  wo  may  have  a  similar 
series  ;  and  hence  there  may  be  an  infinite  number  of  series  of 
dioctahedrons  and  an  infinite  number  of  forms  iu  each  scries. 

^^^  Semikedral  Simple  Forms. 

^^By  extending  the  alternate  planes  of  the  square  octahedron, 
~  two  tetrahedrons  may  be  obtained  similar  to  the  two  tetrahedrons 
of  the  monometric  system,  but  dilTeriiig  from  tbem  in  the  rela- 
tive length  of  tlieir  vertical  axis.  We  may  evidently  have  a 
series  of  either  positive  or  negative  tetrahedrons,  corresponding 
with  tho  system  of  octahedrons,  and  varying  between  a  square 
prism  on  one  side  and  the  basal  plane  on  the  other.  Iu  like 
13 


146 


CHEMICAL    PHY8ICB. 


manner,  by  extending  the  alternate  planes  or  the  alternate  «« 
of  planes  of  tlic  di octahedron,  w  may  obtain  sereral  bemiliednl 
forms.  The  licmiiiedral  forms  of  tliis  sj8t«m,  however,  nnlj 
occur  except  as  modifying  liololicdrBl  forms. 


Compound  Forms. 


i 

t\t  lOS. 

When  the  two  principal  octaJiedrons  combine,  the  inverse  g 
liedron  truncates  tlio  edges  of  the  direct  octahedron,  as  in  Pigi 
whiuh  also  presents  the  two  basal  planes.     Fig.  102  repj 
combination  of  the  principal  octahedron,  o,  with  an  octahd 
of  the  same  class,  J,  and  with  an  octahedron  of  the  gocondo 
2  tl-     Fig.  103  represents  a  combination  of  tlie  square  priBm  a 
first  class.g",  with  the  principal  octahedron,  o.    Fig.  104  repra 
a  combination  of  tlic  square  prism  of  the  second  class,  a,  vit& 
the  principal  octolicdron,  o,  in  which  tlie  prism  is  the  dominant 
fonn.     Fig.  106  represents  tlie  same  combination,  in  whicbj 
octahedron  is  the  dominant  form,  with  the  addilion  of  the  % 
planes-    The  composition  of  the  two  remaining  crystals  con  9 
be  maJo  out  from  the  symbols  below  tlie  figures. 
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Hexagonal  Ststeu. 
Simple  Ilohhedral  Forms. 


Tlie  simple  forms  of  tlio  hexagonal  system  are  closely  allied  to 
fliose  of  the  dimctric  system.  They  are  represented  in  Fig.  108, 
and  the  relation  between  them  is  indicated  by  the  arrangement  of 
the  forms  in  the  figure,  The  fundamental  form  of  this  system  is 
called  the  hexagonal  pyramid,'  No.  3.  The  crystals  of  the  same 
substance  may  present  a  niimberof  these  hexagonal  pyramids,  but 
we  always  find  that,  when  they  have  llie  same  base,  the  lengths  of 
their  vertical  axes  stand  to  each  other  in  very  simple  ratios.     As 

*   The  tenn  puramid  ii  not  nied  bare  in  tba  B«otnctri«l  udib. 
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in  tho  dimetric  system,  wo  select  ono  of  these  for  the  principal 
form,  aitd  give  to  it  tlia  symbol  a  :  a  :  ao  a  :  b.  The  gcnoral 
symbol  of  the  other  hexagonal  pyramids  of  the  same  substMico 
is  then  a:  a:  x  a  :  mb,ia  wliich  m  is  always  some  ver/  simple 
integer  or  fraction.  As  the  value  of  m  increases,  the  pjmmid 
becomes  more  and  more  acute ;  and  when  m  =  oe,  it  posse*  into 
the  hexagonal  prism,  No.  5.  On  the  otlicr  hand,  as  the  valua  of 
m  diminishes,  the  pyramid  becomes  more  and  more  obtuse,  and 
finally  passes  into  the  basal  plane,  No.  1  This  series  of  pynunitU 
are  called  hexagonal  pyramids  of  the  first  order,  to  distiiiguiiih 
tlicm  from  tlio  hexagonal  pyramids  represented  in  tho  lower 
row  of  forms  in  Pig.  108,  which  are  called  hexagonal  pi/ramids 
of  the  second  order. 

In  the  hexagonal  pyramids  of  the  second  order,  the  lateral 

axes  unite  the  centres  of  edges,  as  iu  Fig.  110,  while  in  those  of 

the  first  order  they  unite 

■  opposite  solid  angles,  tu 
in  Fig.  109.  The  lengths 
of  tho  axes  in  the  two  fig- 
ures are  the  same.  The 
intersection  of  one  of  the 
faces  of  the  pyramid  of 
the  second  order  witli  tfafl 
'^  ^^  *^'5  nu-  basal   plane,  is  the  ^H 

E  E,  Fig.  110,  and  it  can  easily  be  seen  that  this  plane,  i^^| 
tended,  would  intersect  tho  three  lateral  axes  at  distances  ^H 
tho  centre  of  2  a,  a,  and  2  a  respectively.  The  symbol  o^^| 
principal  pyramid  of  tiiis  class  (No.  13  of  Fig.  108)  is  thei^^| 
2  a  :  a :  2  a  :  6,  and  tho  general  symbol  of  otlier  pyramidi  i^^l 
second  class  2a  :  a  : '2aimb,  where  m  is  always  some  ^^H 
rational  integer  or  fraction.  As  the  value  of  m  increo^^H 
diminishes,  this  series  of  pyramidn  passes  tlirough  the  sui^^| 
nations  of  form  as  those  of  the  first  class.  The  two  limita  OT 
tho  hexagonal  prism,  where  m  =  oo,  and  the  basal  piano,  wh«ra 
m  =  o. 

It  will  be  noticed  that  the  planes  of  the  hexagonal  pyramid  and 

prism  of  the  second  order  have  the  same  position  as  tlie  edges  of 

the  corresponding  forms  of  the  first  order,  and  will  therefore 

truncate  tliese  edges  when  the  two  forms  enter  Into  combination. 

Intermediate  l>etweeti  the  two  cloesea  of  bexa^ual  pyramids 


r 
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1 


are   the  dihexagonal  pyramids  (Fig.  111).  *%i" 

This  form  is  bounded  by  twenty-four  sca- 
lene triangles,  and  the  symbol  of  the  prin- 
cipal form  of  tlie  class  is  ma:  a:pa:  b,m 
which  m  and  p  are  bo  related  that  p  =  ~-^. 
When  m  ^  1  then  p  ^  tx,  and  this  form 
passes  into  the  hexagonal  pyramid  of  the 
first  order,  and  when  m  =  2  then  p  ^2, 
and  it  passes  into  the  hexagonal  pyramid  of 
the  second  order.  The  general  symbol  of 
other  dihexagonat  pyramids  is  m  a  :  a:  pa  : 
n  b,  where  n  is  any  rational  fraction  or  in- 
teger. When  n^  cc,  the  form  passes  into  Uio  diliexagonal  prism, 
No.  10  of  Fig.  108,  and  when  m  =  a,  it  passes  into  tlie  basal  plane, 

,„ 


Simple  Hemihedral  Forms. 


I 


The  hemihedral  forms  of  this  system  occur  more  frequently  in 
tlian  tlic  holohedral  forms,  and  therefore  demand  special 
itttention.  The  most  important  of  tliera  are  represented  in  Fig. 
115  (see  next  page),  in  which  the  forms  have  been  grouped 
so  as  to  show  the  relations  between  them.  In  studying  these 
IB,  we  will  commence  with  the  rhombohodrou,  Nos.  2,  3, 4  of 
115. 
■Mhombohedron. — The  rhombohedron  is  bounded  by  six  equal 
similar  rhombs.     Its  edges  are  of  two  kinds ;  —  first,  six  sim- 


ilar terminal  edffcs,  marked  X  in  Fig,  112  ;  secondly,  six  similar 
lateral  edges,  which  are  lettered  Z.  The  solid  angles  are  also  of 
two  kinds  ;  —  first,  two  similar  vertical  solid  angles,  lettered  C, 
consisting  of  three  equal  plane  angles ;  secondly,  six  lateral  solid 
13  ■ 
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angles,  lettered  E,  which  are  similar  to  each  other,  but  do  not 
consist  of  equal  angles.     The  vertical  axis  of  the  rhombohedron 


connects  the  vertical  solid  anj 
centres  of  opposite  edges. 

The  interfucial  angles  formed  at  tho  terminal  edges  X  are  ilS 
equal  to  each  other.  This  angle  is  one  of  the  most  important 
characters  of  the  rhombohedron,  and  wo  shall  call  it  tho  rhombo- 
hfdral  angle,  and  distinguish  it  by  the  same  tetter  which  wu  liavo 
used  to  denote  the  edge.  Wlien  this  anglu  is  acute,  the  rlioml>0- 
hedron  is  said  to  ho  acute,  and  when  it  is  obtuse,  tho  rhombohe- 
dron  is  said  to  be  obtuse. 

The  sections  of  the  rliorabohedrou  passing  throiigli  two  opposito 
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terminal  edges  are  rhombs  which  arc  perpendicular  to  two  of  the 
iaces  of  the  form.  There  are  three  such  sections  in  every  rhom- 
bohedron,  and  they  are  called  principal  sections.  One  of  these, 
CE  C'E\  is  represented  in  Fig.  112. 

The  ciystals  of  a  given  substance  frequently  present  a  nunil)er 
of  llioiiibohedrQnSy  boUi  obtuse  and  acute  ;  but  when  these  rhoni- 
bohedrom  hare  the  same  lateral  axes,  tlieir  vertical  oxes  always 
bear  to  each  other  a  very  simple  proportion.  One  of  these  rhuni- 
bohadroni,  which  is  selected  on  the  same  grounds  as  those  already 
stated  in  connection  with  the  dimetric  system,  is  termed  the 
principal  ihombohedron. 

The  frincipal  rhombohedron  may  be  regarded  as  formed  from 
the  principal  hexagonal  pyramid, by  extendingthealteniato  planes 
until  thej  cover  the  rest  As  there  are  two  sets  of  alternate 
planes,  it  is  e^dent  tliat  we  can  obtain  by  this  method  two  rhom- 
bdiedraia  which  are  perfectly  equal,  and  which  diflcr  from  each 
otter  onlj  in  position.  We  shall  call  them  the  positive  and  nega- 
tive riMMnbohedrons,  and  distinguish  them  by  writing  the  signs 
pfas  and  minus  before  the  symbols.  These  symliols  are  given 
below  Figs.  112, 114,  and  it  will  be  seen  that  they  are  formed 
after  the  analogy  of  tlie  symbols  of  the  hemihedral  forms  in  tlie 
manometric  system. 

Sinee  every  hexagonal  pyramid  will  give  by  this  meth^i^l  two 
ihoBihdhedrons,  it  is  evident  that,  corn;fiixinding  to  the  herie^  of 
hezagooal  pyramids,  Fig.  108,  we  liave  two  M;ri<:s  of  j  hofijix>h«»- 
dnms.  The  general  symbols  of  tliese  two  cla>.i»«;!>  of  i  ljoinijfjh<^- 
dronsare 

-f-  I  C^  :  a  :  X  a  :  m  b'jj     and     —  ^  ^a  :  a  :  y.  a  :  rn  bj. 

As  the  value  of  m  increases,  the  rhoin't^jii'-Arou^  )^:fjjittti  utom  and 
more  acute,  and  finally,  when  m  =  v.,  thf-v  jax^^h  iiiU^  ih';  U'lZ- 
agonal  prism.  No.  o.  FI^.  llo.  Oa  ili':  <a\.':t  }i;ind,  a^  tii<;  \'^\h*7 
of  n  diminishes,  iij^r  rhombohed n-iiiS  ly.-'y,;;.':  xijor«5  aud  wjom; 
o^>tuse.  and  when  w  =  o  ili*ry  pat*  \:,yj  n.*:  \Ai>^\  pU;.<;,  N^,  1, 
Fiz.  115. 

W  ihe  §«ri«  of  TjOS-I:.'!*:  ri.o;f/>/'.<r'i;o:.%  »>w;.  ^:.r  '/.yt-.r,  i%lii«;» 
of  :}ie  axe*.  liier^r  are  s-ev^jr^I  w:.l.;.  »v-.. ;  Vy  'ri.:.  '/,;-'.•  ,:.  i..  .;;.- 
pi-riiL :  r^rliil  oil.     CoauiirrL';! :,  ;r  w . :  r   : . . ^  ;,  :•. ;,  -. ,  ;a .  ;/-''.'  •  •-  ; .  \::, 
Wj«roc..  —  §  '  c  :  c  :  -x  c  :  6   .  N...  -:.  /  .::.  I  ^'.  v  -  5 ;  -   '.  >,  •.   •;  > 
p4aire«  'A  iLr  i**rji:>t:  r:-c:i*'»l-=--':'v;.  — \'  c  .  ^  'y,    *  -.  2, 
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have  the  same  position  as  its  terminal  edges,  and  therefore 
truncate  them  This  rhombohedron  is  called  the^«^  obtuse 
rhombohedron.  Again,  the  faces  of  the  positive  rhombohedron 
-f-  i  (a  :  a  :  00  a  :  4  &)  truncate  the  edges  of  the  first  obtuse 
rhombohedron,  and  it  is  called  the  second  obtuse  rkomboie- 
dron^  and  so  on.  On  the  other  hand,  the  faces  of  the  principil 
rhombohedron  truncate  the  edges  of  the  negative  rhombohedron 
—  jl  (a  :  a  :  Qoa  :  2  6),  No.  4,  which  is  called  the  first  acute 
rhombohedron.  The  faces  of  the  first  acute  rhombohedron  trun- 
cate the  edges  of  the  positive  rhombohedron  '^\(aiai(»ai4L  6), 
which  is  called  the  second  acute  rhombohedron^  and  so  on* 

The  rhombohedrons  which  form  this  series  are,  then,  as  fol- 
lows :  — 

Tliird  obtuse  rhombohedron,  —  \(a  :  a  :  ooa:^fr)a=  —  ^JL 

Second  "  "  +  \  (ji :  a  \  (x>  a  i\  b^  =+  \  IL 

First       "  "  —  J  (a  :  a  :  00  a  :  i  ft)  =  —  i  A 

Principal  rhombohedron,  -{-i(a:a:ooa:fr)     =-|"-'^ 

First  acute  rhombohedron,  —  \(a  :  a\  ooa:2fr)=  —  2  JR. 

Second  "  «  +  J  (a  :  a  :  oo  a  :  4  6)  =  +  4  JL 

Third    «  "  — i  (a  :  a  :  oo  a  :  8  6^  =  — 8  JL 

And  in  this  series  each  rhombohedron  truncates  the  tenKiinal 
edges  of  the  one  which  follows  it.  In  crystals  of  the  mineral 
calcite,  almost  all  the  above  rhombohedrons  have  been  observed, 
and  a  large  number  of  others,  not  belonging  to  the  series,  but  in- 
termediate between  the  members  of  it.  The  general  appearance 
of  these  crystals  varies  from  almost  flat  plates,  where  the  te^ 
minal  angle  X  =  160**  42',  to  sharp  needles,  where  the  angle 
X  =  60''  20'. 

As  the  regular  symbol  of  the  rhombohedron  is  inconveniently 
long,  we  frequently  abbreviate  it  in  practice,  and  write,  as  the 
symbol  of  the  principal  rhombohedrons  of  a  given  substance, 
±  R.  For  other  rhombohedrons  we  use  the  general  symbol 
±  m  Rj  in  which  m  is  the  same  quantity  as  the  m  in  the  reg- 
ular symbol.  The  abbreviated  symbols  of  the  series  of  acute  and 
obtuse  rhombohedrons  have  been  given  after  the  corresponding 
regular  symbols  in  the  above  table,  and  by  comparing  the  two  the 
use  of  the  abbreviation  can  be  easily  understood. 

Intermediate  between  the  obtuse  and  acute  rhombohedrons 
there  is  a  possible  form,  where  X  =  90**.     This  is  the  case  when 
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a-.mbwml  :  ^|".     Tlie  rliorabohcdron  thea  becomes  the  cube, 
which  n»y  Uiervfora  be  regarded  as  a  form  of  tbe  hexagonal 
ejrstem.     In  like  inoiiuer,  all  Uie  other  sitDple  forms  of  the  uiono- 
methc  Bjstem  ta&j  be  regarded  as  forms  of  the  hesagonal  system, 
but  in  tliia  Bj-stem  they  are  compound  forms.     In  consequence  of 
tbia  analogy,  tlia  crystals  of  the  two  systems  frequently  resemble 
eaeb  other  very  closely,  especially  when  they  have  been  irregu- 
Urly  formed. 

Scaltnohfdron.  —  By  comparing  together  Figs.  116  and  117, 
on  vhich  the  similar  parts  have  been  similarly  lettered,  it  will  be 
teen  that  in  the  posi- 
tion  occupied   by  <aie                 n«.  us. 

plane  on  tlie  hexagonal      ^^^^^^^^B 
pynmid  there  are  two     ^^^^^^^^|                 ^ 
phoes  on  the  dihei-     ^^^^^H         ^^H^M 
igonal  pyramid                 ^^^^^H^l          ^^^^^^^1 '  1 
bcooe.  that                      ^^^^^HhH         ^^BH^^I 
the                         ^m^^^^^l          ^^^^l^^l 
planes  on  the      ^^^^^^^^H          ^^^H^^H 

order      apply  to           ^^^^^^^|^H          ^H^^^^^^l 
th«  aame  method  by           max^-.f^-.i,-                   .i:.:^..* 
wlitch  we  obtained  the 

ri»mboliedron  from  the  hexagonal  pyramid.     If,  then,  we  extend 
the  alternate  pairs  of  planes  on  the  dihexagonal  pyramid,  commen- 
cing »itl»  the  two  front  upper  planes  of  Fig.  lllj, 
w«  kIuUI  obtain  llio  form  represented  in  Fig.  118,     ^^^^^ 
and  called  a.scalfnohedron;  or,  by  extending  the      ^^^^^H 
pUnea  suppressed  in  the  last  case,  a  second  scale-     ^^M^^| 
Dobedron,  ditfcring  from  the  first  only  in  position.      ^^sH^I 
The  two  are  distinguished,  like  tiio  rhombohe-     M^H^| 
drons,  aa  positive  and  negative  scalenohcdrons.      B^^HI 
Tbe  flcalenohedron,  which  is  derived  from  tlie      ^^^^^H 
principal  dihfxagonal  pyramid,  will   he   called     ^^^^^H 
tlie  primcipal  scaU-nohedron,  and   its  symbol  is     ^^^^^^^|    . 
-±  }  (m  a  :  a  :  p  fi :  />).     The  general  symbol  of     ^^HHH  | 
Dthef  Kalenohcdrons  is  ±  1  (wta  ;  «  :/ni:n&).     +n«a.--r^:».  J 
A»  tlw  ralue  of  n  diminUhes,  the  scalenohedron                             1 
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ill  the  basal  plane.  Oa  tlie  other  liand,  with  increasing  t 
of  ti,  tlio  scalcnohedron  becomes  more  and  moro  acute,  and 
B  =  cc  merges  into   the   hcxag:onal  prism. 

By  bringing  together  the  rhombohedron  and  the  scalenohednm, 
as  has  boon  done  in  Fig.  Ill*,  it  will  be  noticed  Uiat  the  UtenJ 
edges  of  the  two  forms  hare  a  similar  position 
towards  the  axes,  so  that  for  every  scalenoho- 
dron  there  must  be  a  rhombohcdrou  whose  lat- 
eral edges  coincide  with  the  lateral  edges  of  the 
other  form.  This  rhombohedron  is  called  the 
inscribed  rhombohedron  of  the  scalcnohedron. 
The  Bcalenohedron  may  evidently  be  formed 
from  the  inscribed  rhombohedron  by  prolong- 
ing the  vertical  axis,  and  then  drawing  lines 
fi-om  the  ends  of  the  vertical  axis  thus  pro- 
duced to  tlie  lateral  solid  angles  of  the  rliora- 
bohedron.  It  is  evident  that  we  may  Utni 
make  from  every  rhombohedron  ait  iiil 
number  of  scalcnolicdi-ons,  whose  form 
depend  upon  tlie  extent  to  which  tlio  vei 
axis  has  been  elongated.  We  find,  howei 
that  the  Eenil-Tcrtical  axis  of  tlie  scaloi 
dron  is  always  some  simple  multiple  of 
"*■  "*  of  the  inscribed  rhombohedron.      Uonee  w* 

may  use,  as  the  abbreviated  Eymbol  of  the  scalcnohedroii,  the  ab- 
breviated symbol  of  the  corresponding  inscribed  rliombohi 
with  an  exponent  indicating  how  many  times  its  semi- 
axis  is  greater  than  that  of  tho  rhombohedron.  If,  as  in  Vig. 
the  inscribed  rhombohedron  is  the  principal  rhombohedron, 
and  the  scmi-vcrtical  axis  of  the  scalenohcdron  is  thrao 
that  of  the  rhombohedron,  the  abbreviated  symbol  of  tlie  rl 
liedron  is  •^-  R'-  The  general  symbol  for  any  scatouohadi 
±  m  R",  ill  which  do  m  R  \a  tho  symbol  of  tho  inscHbed 
bohedron.  It  has  already  been  stated,  that  tho  number  of 
possible  rhombohedrons  on  the  crjstals  of  a  given  substant 
infinite,  and  it  now  apfiears  that  fur  every  rhninlxihedron  tbor* 
may  be  an  infinite  number  of  scalenohedrons  ;  so  that  tlie  num- 
ber of  possible  scalenohedrons  on  the  crystals  of  a  given  sul^ 
stance  is  hiliuitely  greater  than  the  infinite  number  of  possible 
rhonabohcdrons.    The  mineral  calotte  has  a  great  tendency  to 


rhora- 
Utni       1 
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cTT-stalliic  in  sculenolicdroiis  (dog-tootli  crystals),  aiid  no  less 
tbaii  tliirty-ciglit  rliombohedrons  and  BeTcnty-six  scalcnoliedrons 
liav^  been  observed  among  the  crystals  of  this  substance.* 

Bendca  tlie  tvo  heiuiliedral  forms  wliicli  Imve  been  dc!icribed, 
there  am  two  other  hemJhedral  forms  in  the  hexagonal  t>ystem, 
^■Aidi  loay  be  derived  from  the  dihcxagonal  pyramid. 
^^mff^%«fa^tt  of  these  is  obtained  by  cxlendiii^;  the  nllernato  pairs 
Bv  planes,  united  at  a  lateral  edge,  A  E,  Fig.  1-0,  where  the  al- 
ternate plniiea  are  distinguished  by  the  shad- 
ing.    Aa  we  extend  the  shaded  or  the  un- 
shaded planes  of   Fig,  120,  wc  obtain  one 
or  the  other  of  two  hexagonal  pyramids, 
which  dtftcr  from  each  other  and  from  the 
[onal  pyramids  already  dcscriljcd  only 
t  ibe  position  of  the   axes.     The    lateral 
I  of  the  pyramids  thus  derived  do  not 
^te  the  oppoisile  solid  angles,  aa  is  the  case 
1  pyramids  of  the  first  order  (Fig.  109) ; 
r  yet  Uio  centres  of  opposite  edges,  as  is 
e  with  pyramids  of  the  second  order 
;.  110)  ;  but  points  on  tlte  lateral  edges  intermediate  between 
|B  centre  and  iIm  ends. 
^  The  tecond  of  these  hemihedral  forms  is  obtained  by  extend- 
ing the  alternate  pain  of  planes  amted  at  a  lateral  BoUd  angle. 


t)f  m. 


I 


by  the  fkaiiing  in  Fi^  ISL.     Acenr^mg  M 
«r  tkfl  ■faaded  pUtm  are  esleaded,  we  obtain  tlw  tw* 
represenlcd  in  Fi^  12S.  lH.    Thtj  are  aHei 
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agonal  trapesohedroni ,  T!io  two  forms  derived  from  the  esma 
dihosagonal  pyramid  differ  from  each  other,  not  only  in  the  a^vy 
lute  position  of  the  form,  hut  also  in  the  relative  position  of  ilietr 
planes.  They  are  distiiigiushed  as  the  right  and  left  trapezoho- 
drons,  and  their  symhols  are  respectively 

r    i  (m  a  :  a  :  ;>  o  :  n  6),      and      /    \(ma  :  a  ipa  :  n  &)>-^| 

Tetartohedral  Forms,  ^H 

By  extending  the  alternate  planes  of  the  right  hoxngonal  tm> 
peKohodroii  (Fig.  121),  we  can  obtain  two  forms,  differing  from 
each  other  only  in  position,  whoso  symbols  are 
:ii  r  I  (^ma  :  a  : pa  :  nb)  ; 
and,  in  like  manner,  from  the  left  hexagonal  ti-apezohedroa 
other  forms  may  bo  obtained,  whoso  symbols  are 

±  1 1  (^m  a  :  a  ;  p  a  :  n  b'). 
Each  of  these  four  forms  is  bounded  by  six  isosceles  trapODl 
and   tliey  arc   therefore  called  trigonal  trapesohedrmu. 
arc  evidently  tctartohedral  forms  of  the  dihexagonal  pyramh 

Tlieso  tctartohedral  forms  are  never  found  isolate 
but  they  appear  very  frequently  on  crystals  of  quartz  in  combina- 
tion with  other  forms.  The  crystals  of  this  mineral  aro  usually  :i 
combination  of  a  hexagonal  prism  with  a  hexagonal  pyramid  of 
the  same  order  (Fig.  125),  and  the  trigonal  trapczohcdrona  ap- 
pear as  modifying  planes  on  the  soUd  angles.     In  Fig.  124,  tbo 


I 
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the  positive  left-trigonal  trapezohedron.  The  two  negative  forms 
vouM  modify  in  a  similar  way  tlio  set  of  solid  angles,  which  ore 
not  moditted  in  the  figures. 

The  difference  of  form  between  the  right  and  left  trapezohe- 
dron is  found  to  bo  accompanied  with  remarkable  differences  of 
optical  properties,  which  will  be  explained  iu  the  sectiou  oii  the 
circular  polarization  of  light. 

Compound  Forms. 

The   crystal  represented   by  Fig.  1'27  is  a  combination  of  the 

hexagonal  prism  with  the  basal  plane,  the  symbols  of  wliich  are 

given  in  tins  order  below  the  figure.    Outlio  crystiil  roprosciited  by 

Fij  12a 


Fig.  128  there  are  evident- 
ly the  faces  of  two  rlioni- 
bohedrons,  the  one  positive 
and  the  other  negative,  if 
we  assume  that  the  faces  let- 
tered r  are  those  of  tlic  prin- 
cipal rhombohedron,  R,  then 
it  is  evident  that  tlie  faces 
lettered  '/,  are  those  of  the 
first   obtuse   rhombohedron,  H- i  {iBB^»a;o=o:ti. 

\  R,  because  they  truncate  the  vertical  edges  of  the  rhombohe- 
dron }i.  As  the  planes  of  tlic  first  obtuse  rhombohedron  are 
mod)  larger  than  those  of  the  principal  rhombohedron,  it  is  not 
at  once  evident  from  the  figure  tliat  the  first  are  truncating 
planes ;  but  on  a  model  this  fact  could  easily  bo  discovered,  by 
noticing  that  the  edges  formed  by  any  plane,  '/a,  with  the  two 
adjacent  planes,  r,  arc  in  every  case  parallel  (91).  If,  in  Fig. 
129,  we  assume  that  the  faces  r  are  those  of  the  principal  rhom- 
bohedron, then  the  faces  '/, ,  which  truncate  the  edges  of  the  priii- 
11 
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cipal  rliombolicdroti,  belong  to  tho  first  obtuse  rliomboliedmn, 
—  i  it,  and  tlia  faces  2  r  to  the  first  acute  rliomboliedroii  — iJt; 
bocausc  tlie  edges  of  this  form  are  truncated  by  the  faces  rof  thu 
priucipal  rliomboliedron.  Fig.  130  represents  a  comliitiation  of  llie 
principal  rliomboliedron  with  its  second  acute  rliomboliedron,  4  R. 
Fig.  131  represents  the  combination  of  tlic  principal  rliomlKibcdroi) 
with  the  basal  plane.  It  will  be  noticed  bow  closely  Uiis  form  re- 
sembles tho  octahedron  of  the  monomctric  system,  and  it,  in  fact, 
merges  into  the  octahedron  when  tho  angle  of  a  on  r  is  equal 
to  109°  28'  1(>",  which  is  the 


T\t.  132. 


Hi.  13S. 


ease  when  the  axes  of  Uio 
rliomboliedron  are  to  each  oili- 
er as  1  :  2.4495.  It  will  Iw 
remembered  that  tho  cubo 
may  be  regarded  as  a  rliont 
buhcdron,  in  which  a  :  6^ 
1  :  1.2247.  Hence  tho  octa- 
hedron may  be  regarded  ai 
+  (M:'';«!"*\  +/»+«.  the  first  acute  rhomboliodron 

of  the  cube  combined  with  the 
basal  piano.  Tho  compound  form  of  Fig.  132  consists  of  a 
hexagonal  prism  of  the  first  order  combined  with  the  rhombo- 
liedroii  —  I  R.  Finally,  Fig.  133  represents  a  combination  ^T 
a  scale nohodron,  R*,  with  llio  rhombohedroii  R. 


Tbimetric  System. 
Simple  Fornix. 


Tho  fundamental  form  of  this  system  is  tho  rhombic  oetaMei 
\o   called  because  tho  threo  principal  sections  mado  by  pig 
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m  a  :  b  :  c 
m  a  :  b  :  T. 


ing  through  the  axU  are  all  rhombs."    This  fact  is  illustrated 
^Figs.  185,  1S6, 1S7,  which  represent  these  sections,  and  which 
1  lettered  to  correspond  with  Fig.  134.     The  same  sub- 
kqnoutly  crystallizes  in  several  octahedrons.     lu  such 
Myn  Bel«ct  one  of  these  as  the  principal  octahedron,  giving  to 
B  afmbol  a  t  b  :  c,  and  we  theu  find  that  the  parameters  of 
B  plaiics  of  the  other  octaliedrons  always  stand  in  Gome  simple 
Ution  to  Uiose  of  the  one  thus  selected.     Besides  the  octalie- 
,  the  only  other  simple  forms  of  this  system  are  rhombic 
and    terminal   or  basal  planes. f     The  relation  of  these 
ms  con  be  best  understood  by  studying  their  symbols. 
"  Having  given  to  the  principal  form  the  notation  a  :  b  :  c,  then 

Ui«  other  octahedrons  which   the   same  substance  can  present 

111  be  expressed  by  the  following  symbols :  — 
1.  a:mb:c, 
2.  aib:mc, 
which  m  and  «  arc  always  very  simple  rational  numbers.  The 
il  throe  of  lliese  symbols  may  evidently  be  regarded  as  partJc- 
ir  cases  of  tlie  third. 
The  number  of  possible  octahedrons  in  which  a  given  Bub- 
nco  may  crystallize  in  the  trimctric  system  is  evidently  infinite; 
t  the  number  which  have  in  any  case  been  observed  is  ex- 
tremely limited,  including  only  a  few  of  the  possible  values  of 
■  and  n,  together  with  the  rhombic  prisms  and  terminal  planes 

Ihich  result  when  m  and  »  are  made  equal  either  to  infinity  or 
If  in  No.  1  we  put  w  =  »,  the  symbol  becomes  a:  cab  :  c, 
blcli  r^resente  a  rhombic  prism  whose  axis  is  tlie  axis  of  b.  If 
■^  0,  tbfl  symbol  becomes  a  :  ob  :  c  t^  <»  a  :  b  :  ooc,  which  is 
B  symbol  of  tlie  basal  planes  of  the  same  prism.  If  in  No.  2 
B  put  IN  =  oc,  we  obtain  the  symbols  of  a  rliombic  prism  whose 
axil  i>  tlie  axis  of  c ;  and  if  wo  put  m  ^  o,  we  obtain  the  symbol 
of  the  basal  planes  of  tlie  same  prism,  8o  also,  if  in  No.  3  we 
I  equal  to  infinity  and  zero,  we  obtain  tlie  symbols  of  a 
nbie  prism  parallel  to  t)ie  axis  of  a  and  of  its  basal  planes. 


'»  crjMal  ia  nllcd  t  printipa!  irr 
4sllk*eDda«f  uij  nil,  ftnd  pardUJ  If 
ul  flina.    Such  plane*,  vlicn  ilic^  Jc 
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Tlie  general  STmbol  No.  4  may  be  put  ia  tlie  three  following  forms: 

I,   a:nb:mc,        2.   nazmbic,        3.    ma:b:ue. 
If  in  No.  1  vo  put  n^  X,  vo  obtaiii  a.  rhombic  prism  pamllol 
to  the  axis  of  b,  whose  symbol  ia  a  :  <x  b  :  mc  ;  if  n  :=  o,  we  ob- 
tain the  basal  plane  of  this  prism.     If  in  No.  '2  we  put  n  ^  oc, 
we  obtain  a  rhombic  prism  parallel  to  the  axis  of  a,  whose  sym- 
bol  is  00  a  :  m  6  :  c  ;    if  n  ^  o,  wo  obtain   the  basal   planes  of 
this  prism.     If  in  No.  3  we  put  n  ^  oo,  we  obtaiu  i 
prism  parallel  to  the  axiti  of  c,  whose  symbol  is  ma  :  b  t  t 
n  ^  0,  we  obtain  the  basal  planes  of  this  prism. 

Compound  Forms. 

We  give  bolow  several  figures  of  the  compound  forms  of  tlds 

system,  and  beneath  each  the  symbols  of  the  simple  forms  of 


planes  of 
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■(rhich  it  consists,  opposito  to  the  letters  on  tlie  faces  of  the  crys- 
tal. With  the  aid  of  these  symbols,  tho  student  will  easily  be 
able  to  see  the  relations  of  the  forms  without  any  further  de- 
ECriplion. 

Hcmihcdral  Forms. 


Tlie  most  important  hemihodral  form  of  this  iyptein  is  the 
rhombic  sphenoid.  Figs.  147,  148.  It  may  be  developed  by  ex- 
tending the  alternate  planes  of  the  rhombic  octahcdi'on.  Fig.  140. 
If  we  extend  the  shaded  planes,  we  obtain  the  positive  sphenoid. 
Fig.  147  ;  and  if  we  extend  the  planes  which  are  nut  shaded,  the 
negative  sphenoid,  Fig.  148.  The  rhombic  sphenoid  is  a  tetra- 
hedral  form,  and  is  hounded  by  four  scalene  triangles.  It  will 
be  remembered  that  the  two  tetrahedrons,  derived  from  the  octa- 
hedron of  the  moDometric  system,  diETered  from  each  other  only 
in  position,  and  that,  by  turning  one  round  the  vertical  axis 
tlirough  a  quarter  of  a  revolution,  the  two  would  coincide.  It  is 
different  with  the  two  sphenoids.  They  differ  from  each  other 
in  tlie  relative  position  of  their  planes,  and  by  turning  one  on  its 
axis  it  caimot  be  brought  into  a  position  in  which  it  will  coincide 
with  the  other.  The  two  forms  arc  related  to  each  other  as  the 
Ufl  hand  is  to  the  right  hajulj  or  as  an  object  is  to  its  image  in  a 
mirror.     Hence,  we  call  the  positive  a  right  fon»,  and  the  ncga- 

ive  a  left  farm. 
The  two  sphenoids  never  occur  in  nature  except  in  combination 
other  forms,  and  the  presence  of  one  or  the  other  of  tliese 
li?_ .         . 
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forms  on  a  crfstal  la  associated  with  certain  remarkable  opUooZ 
properties.  By  neutmliziiig  a  sohitiou  of  racemic  acid,  Imlf  wiUk 
soda  and  lidf  with  ammonia,  a  bibasic  salt  is  foi'med,  called  llis 
racemato  of  soda  and  ammonia,  which  can  be  readily  crystalliutJ 

by  evaporating  the  solution.     The  crystals  thus  formed  are  of  two 
kinds,  part  resombUiig  Fig.  149,  and  part  Fig,  150.     Tlie  two 


kinds  of  crystals  n?s(;mble  each  other  in  tboir  general  appcar- 
ancfl.  They  both  have  the  planes  of  the  vertical  rlmmlnu  prisma 
(i  and  i  a),  the  terminal  planes  (i  £  and  i  i),  the  basal  planes 
(o),  the  pUnca  of  two  prisms  parallel  to  the  bracbydiaguunl 
(i  and  2  i)  ;  hut  in  addition  to  these,  there  appear  on  the  first 
kind  of  crystals  (Fig.  149)  the  pianos  of  the  positive  splieimid, 
+  J,  and  on  the  second  kind  of  crystals  (Fig.  150)  those  of  the 
negative  sphenoid,  —  J.  If,  now,  we  arrange  a  crystal  of  each 
sort,  as  in  the  figures,  with  the  terminal  planes  i  i  in  front,  it 
will  be  seen  that  the  upper  Fphenoid  plane  is  in  the  first  figure  on 
the  right,  and  in  the  second  on  tlie  left,  of  the  observer;  so  that, 
if  we  place  one  form  before  a  mirror,  the  image  will  have  ex- 
actly the  second  form.  In  these  two  forms  there  are  preaont  two 
varieties  of  tartaric  acid,  intn  which  the  mcemic  scid  til- 
vides  in  the  process  of  crystallization.  In  the  crystals  of  Fig. 
149,  the  two  bases  are  united  with  a  variety  of  tartaric  acid, 
which  has  the  power  of  rotating  the  plane  of  polarization  of  a 
ray  of  light  to  the  right ;  and  in  Fig.  loO,  with  a  variety  of  tar- 
taric acid  resembling  the  other  in  all  its  chemical  relations,  but 
difTering  in  its  crystalline  form,  and  rotating  the  plane  of  polari* 
zation  to  the  left. 

The  sphenoid  is  the  only  hemihedral  form  in  this  system  which 
encloses  space,  and  which  therefore  could  alone  form  a  crystal. 
Other  hemihedral  forms  have  been  observed,  but  they  neyer  ap- 
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^pt  m  combinations  modifying  one  liulf  of  tlie  similar 
ksolid  angles  of  the  duminant  form,  and  they  can  there- 
"        sogiiized. 

SIuNOCLlSIC   SVSTEM. 
Smple  Forms. 

lie  system,  as  has  licen  already  stated,  no  singlo 

'can  ewcloso  space;  and  hcuce  we  liave  no  simplo 

Tig.  IM   rcpruscuts  an  octalicdroii  belonging  to  this 

itt  tills  is  not  a  siinjilo  crystal, 
it  bounded  hy  faces  of  two  kinds. 

agolar    faces'   B  A  C,    B  A  C, 

aud  B"  A' C  arc  not   timilar   to 
BAO,   BA'C;   B'  A  C,   and 

lod  therefore  belong  to  a  difieicnt 

lie  first  set  of  faces,  if  extended, 
rideiitly  form  a   rhombic   prit^m  ; 

eocDiid  Bet  of  faces,  if  extended, 
■o  form  a  rhombic  prism  dllTering 
t  first.  These  two  prisms  may 
|>riattily  termed  hemi-octakedrons ; 
rder  to  distinguish  them,  we  shall  name  the  one  whoso 
re  over  the  acnto  angle  a,  Fig.  151,  llio  positive  liemi- 
l>%  and  tlio  other  the  negative  hemi-oclahedron.  This 
In  is  necct-sary,  because  it  frequently  happens  tliat  one  of 
ni-octabedrous  is  present  on  a 
ritliout  the  other,  or  at  least  that 
I  of  one  are  far  more  dominant 
|e  o(  tlte  other. 

iog  tlio  notation  of  Fig.  152,  al< 
■cribcd  (85),  the  symbol  of  the 
benii-octalicdron  is  a  ;  6  ;  c,  or 
'.  The  first  symlral  consists  of 
nelors  of  tlio  two  upper  rigbt- 
nes  of  itie  form,  Fig.  Hi,  and  the 
'tUoMof  the  two  lower  lefl'hand  "^  "' 

either  symbol  may  be  used  at  pleasure.  The  f^ymln)!  of  the 
licmiHJctahedrun  is  a  :  b  :  c',  or  a  :  b'  i  c  ;  tlie  first  being 
of  the  two  upper  loft-lioud  planes,  and  the  seeoud 
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those  of  the  two  lower  right-hand  planes.  Either  symbol,  as  be- 
fore, may  be  used  as  the  symbol  of  the  form,  but  for  the  sake  of 
uniformity  we  shall  use  in  both  cases  the  first  of  the  two  symbols. 
The  symbols  of  the  two  hemi-octahedrous,  of  which  the  octa- 
hedron of  this  system  consists,  are,  then, 

a  :  b  :  Cj  and  a  :  b  :  (f ; 

but  it  must  be  remembered  that  these  symbols  mclude  not  only 
the  planes  whoso  parameters  they  actually  express,  but  also  the 
planes  which  have  tlie  same  parameters  oppositely  accented. 

In  this  system,  as  has  been  already  stated  (82  —  85),  not  only 
the  relative  length  of  the  axes  may  vary,  but,  moreover,  the  angle 
of  inclination  of  the  vertical  axis  b  to  the  klinodiagonal  c  varies 
also.  When,  however,  the  crystals  of  the  same  substance  pre- 
sent planes  of  several  pairs  of  hemi-octaliedrons,  we  always  find 
that,  although  the  relative  lengths  of  the  axes  of  these  forms 
may  dilTer,  yet  the  angle  of  inclination,  a,  is  the  same  in  all. 
We  select  in  this  system,  as  in  the  last  three,  one  pair  of  these 
hemi-octahedrons  as  the  principal  form,  and  give  to  it  the  symr 
bols  a  :  b  :  c  and  a  :  b  :  d.  The  general  symbol  of  other  hemi- 
octahedrons  of  the  same  substance  is,  then, 

m  a  \  nb  \ p c^        or        maxnb  \pd^ 

the  quantities  m,  n,  and  ji  being  always  simple  rational  integl 
or  fractions,  and  one  of  them  being  always  unity. 

The  forms  which  are  most  frequently  met  with  in  this  sysleBi 
are  those  which  result  when  either  m  =  oo,  n  =  oo,  or  J7mb  od, 
or  when  w  =  o,  n  =  o,  or  ;?  =  o,  in  the  general  symbols. 

In  making  n  =  oo,  and;7=  i,  the  general  symbols  become 
m a  :  00  &  :  c,  and  ma\coV  \  c'J*  Since  the  dissimilar  semi-axes 
jare  oppositely  accented  in  the  two  symbols,  they  are  both  equiva- 
lent symbols  of  the  same  oblique  rhombic  prisms  parallel  to  the 
axis  b.  When,  also,  w  =  i,  we  obtain  the  symbol  of  the  principal 
bf  these  oblique  prisms,  a  i  cob  :  c. 

In  making  iti  sas  oo  and  /'si,  in  the  general  symbols,  we 
obtain  the  two  symbols  oo  a  :  n  6  :  c,  and  oo  amb  i  d.  Umbs 
symbols  are  not  equivalent,  and  each  represents  two  opposite  and 
parallel  planes,  which  are  also  parallel  to  the  orthodiagonaL 
The  two  planes  represented  by  the  first  symbol  are  over  the  aGute 

*  Since  h  and  h*  are  halrcs  of  the  same  ttraight  line,  the  paraineten  ob  h  and  •  V . 
are  in  all  respects  equiralent,  and  may  therefore  be  substitated  for  each  other. 


THE   TBEEE  STATES   OP   NATTnU. 


105 


}o  a,  will  aro  tlicrcforo  u^rrowcr  than  tim  two  pinnoii  rcjii'0> 
by  tbo  second  ryuibol,  which  aro  over  tho  obtuso  nii(iIo 
—  a.  The  two  sets  of  jilanes  (.'viilcntly  licnr  tho  siuno  ri'lii- 
>u  to  cafli  otlicrns  tiia  twulicuu-octahcilniiis,aiiil  inny  tliurufuio 
called  tho  positive  and  negative  orUiodioffonal  iicmi-jirisma, 
:  1,  tho  two  lymlwls  bocoino  txa  :  b:  c,  tuid  xa  :  b:  t:'. 
if  wo  put  p  ^  %,  mill  m  =  1,  i:i  tho  gciicrul  oymhols, 
obtain  a ;  nh:  <x  c  hi  both  cases,  whidi  b  llio  d/mlwl  of 
ital  rhombic  prisms  parallel  to  thn  klinudiaj^anal,  callud 
iJinodit^^vtuil  jirisBu.  ^Vhcn  n  =  i,  Lhc  sjrmbol  bucuuioi 
b  z  v>e. 

tubetitutjng  m  =  o,  and  multlplyiit;;  all  llio  paramct^ini  b/  cc, 
general  symU>U  bocoioo  ni  lioth  cswrn  a  :  mb  :  cec,  which  io 
fjrinbal  of  a  form  coDsistiiig  of  two  terminal  plaiioH  parallul 
planes  of  iho  axes  b  aud  c.  In  lilM  manner,  if  wo  |j(it 
0,  or  p^  0,  wc  obtain  ttio  BytnlHjIx  of  I'-nninul  planes  yax- 
to  tho  plaiics  of  the  axes  a,  c  or  a,  i  rvspoctivcl/. 


Compound  Fvft.is. 


the  cwmfainaiioo  of  the  priocipttl  oMiqntf 
▼idi  il»  fc«Ml  pI*»-».     Fif,  l.Vl  ffff'-iwtjt*  Um 
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same  combiuation,  with  the  addition  of  two  terminal  planes  at  tht 
end  or  the  ortliodiugoiml.     Fig.  155  represents  the  same  cumtnnft- 


tion,  witli  the  addition  of  two  planes  at  the  end  of  the  kllno- 

diagnnal.     Fig.  156  represents  still  the  same  combiiinlioD,  with 

f,,  j,^  till!  addition  of  the  two  plane*  of 

tiic  negative  orthodiagoikal  hetni' 

piisra.      Fig.  157  reprufctits   llw 

same   comi)inatioii   as    Fig.  164, 

with   the   addition    of   the    two 

planes  of  the  poeitlvo  ortbodbgo- 

nal  hcmi-prism.    Fig.  158  it  Uie 

oIVa":*l»c.  eamo  combinatioi]    as    Fig.  158, 

.  =u!ft:»,  viiii  the  addition  of  Uio  positiTu 

principal  hcmi-octaliedroii.     Fig.  150  is  aUo  the  samo  combina- 
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149,  150,  and  cannot   bo   made  to  coincide  lij-  any  cliangi 
position. 

Such  liemiliedral  modifications  occur  cliioflj  on  crystals  of  J 
stances  whicb  havo  llie  power  of  rotating  the  plane  of  polj 
tion  of  liglit.     Common  cane-sugar  lias  tins  property,  and  c 
crystals  wo  find  tlie  two  back  planes  of  the  klinodiagonal  j 
without  the  corresponding  front  planes.     Fig.  168  rcpresonia 
common  form  of  the  crystals  of  this  substance.     They  hart 


y\t  lea. 


the  planes  of  Fig.  IDO,  with  the  addition  of  the  planes  of  tlift 
itivo  hcmi-prism  -\-  (xi  a  :  b  :  c'),  and  the  two   back  ploi 
tliG  klinodiagonal  piisni  u  :  J) :  oc  r. 

TaiCLiNic  Ststem. 


lo  the  triclinic  Byetcm,  a  simple  form  coneists  of  onIjr.a 
opposite  parallel  planes.  These  planes  may  liave  any  JioeT 
towards  the  three  axes,  and  these  axes  may  have  any  J 
nation  towards  each  otiior,  and  any  r 
lengths.  In  all  crystals  of  the  i 
Etanco,  however,  tlio  axes  have  always  the" 
same  relative  length,  and  aro  inclined  to 
each  other  at  the  same  angles.  MoreoTer,j 
the  possiblo  positions  in  which  the  two  j 
lei  planes  of  a  simple  form  may  be  j 
towards  the  axes,  only  a  very  few  a 
observed;  the  most  frequently  seen  a: 
in  which  the  planes  are  parallel  eitlicr  I 
or  to  two  of  the  axes. 
'  represents  an  octahedron  belonging  to  thia  syal 
1  formed  by  uniting  the  ends  of  the  axes  by  planes.     It  j«  d 


r 


THE   THREE   PTATES    OP   MATTER. 


1C9 


j>OK<I  of  four  simple  forms  :  first,  the  form  consisting  of  lite  piano 

ABC  and  its  opposite,  wliicli  has  the  symbol  a  :b:  c,or  a':b':c'; 

indlf ,  the  form  cunei«ting  of  ihc  plane  ABC'  anil  its  uppo- 

,  whidi  iias  Uio  bjtiiIk)!  a  :  b  :  c',  or  a'  :  b'  :  c  ;  liiiitlly,  iho 

1  consisting  of  the  plane  j-1  B'  C  and  its  opposite,  which  has 

:  b'  :  c,  or  o'  :  6  :  C  ;  fourthly,  the  form  consisting 

f  plauojiB'C  and  its  opposite, 

has  (.he   symbol  a  :  b'  :  c',  or 

:  r.     Fig.  171  represQiits   an  ol»- 

a  priKin  belonging  to  this  system,  in 

1  Uio  axes  have  the  same  position 

1    Rg.  370.      It    is    composfd    of   | 

s  forms  :  first,  tlic  form  consisting 

B  plane  A  B  C  D  and  ils  opposite, 

I  tlie   symbol   a  :  oc  &  :  l*,  or 

wf  :  C;  secondly,  (he  fonn  consisting  of  the  plane  AA'  BB' 

s  opposite,  which  has  the  symbol  a  :  od  &  :  c',  or  a' :  oc  6' :  c ; 

dly,  the  fonn  consisting  of  the  plane 

^  and  its  opposite,  ^hich  has  tho 

3D  o  :  &  :  as  c,  or  <x  a'  -.b';  ix  c'. 

bee,  liowcvcr,  tho  relative  lengths  an<  i 

dinaUons  of  the  axes  in  this  system 

f  have  any  possible  values,  it  is  cvi- 

bit  tliat  wo  Inay  suppose  tho  axes  of 

I  ohiiqae  prism  to  unite  the  centres 

»ile  planes,  as  in  Fig.  17-,  oc  In 

t  to  have  any  other  position  whalse- 

Indccd,  the  position  of  the  axes 

J  crystals  of  any  given  snbstance 

n  ft  great  measure  arbitrary,  and  we 

1  sach  a  position  in  evei-y  case  as 

1  render  the  symbols  of  the  observed 

ms  of  the   cnbstanco   as   simple   as 

nble.     Fig.  ITS  represents  a  crystal 

(bate  of  copper,  and  the  syniljols 

■  iho  figure  indicate  tho  |K>sition 

r  parallel  faces   towards 

t'hichliavelteen  assumed 

;  llia   axes  of  the  crystals   of    this   enbslance.     The  ] 


-  ■  -  a  » 1  (. 


pgtbs  of  tfacso  axes  are  a;  b  ; 


=  1  :  0.974:1.708  . 
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angles   of    iiiclmatio;i  arc    a  =  S2°   21',   ^  ^  " 
73'  10'. 


COD- 

crnB 


(93.)  Jrregularitiet  of  Crystals.  —  The  cryslalUiie  forms, 
wliicti  ve  liavc!  Etudiod  m  tlie  lust  scetiou,  liaro  been  perfect  and 
regular.  Not  only  the  sinular  angles  have  been  equal,  but  also 
the  Bimilar  faces  and  the  other  similar  dimensions  of  the  crystals 
bare  been  in  like  tnanncr  equal.  Siuh,  however,  is  very  seldom 
the  case  with  the  crystals  whiuli  wc  find  iu  nature  or  Ibrra  lu  our 
laboratories  ;  indeed,  this  perfection  and  equality  are  so  uiicom- 
mun,  that  the  figures  which  we  have  studied  can  liardly  be  con- 
sidered other  than  aa  ideal.  Crystals  are  very  generally  distoi 
and  often  thoir  forms  are  so  much  disguised,  that  an  intimato 
miliarity  with  the  possible  in-cgnlarities  is  required  in  order 
unravel  their  complejiities. 

Crystals  are  rarely  terminated  on  all  sides,  ono  or  moro  of  the 
faces  being  obliterated  where  tlie  crystal  is  implanted  oa  Uit 
rock,  or  wbero  it  is  merged  in  oilier  crystals.  Frequently, 
some  of  the  faces  have  been  disproportionately  developed,  and] 
much  so  as  to  change  entirely  the  general  aspect  of  the  cryi 
but  iu  all  such  cases  the  relative  directions  of  the  faces  remdn 
constant,  and  wo  can  always  oaeily  construct  the  ideal  form  which 
corresponds  to  the  imperfect  crystal,  by  projecting  it  on  paper, 
and  placing  all  the  similar  faces  at  equal  distances  from  tJie 
centre  of  the  crystal,  taking  care  to  preserve  thoir  rolative  di- 
rection. 

A  few  e.<camplcs  will  give  an  idea  of  the  nature  oiid  cxttnit  of 
these  irregularities. 

The  common  form  of  alum  is  the  octahedron  of  tho  mono;, 
metric  system,  and  wc  sometimes  find  perfect  octahedrons 

the  minute  crystals  which  have  been  foi 
freely  in  the  mid^t  of  a  solution  of  tlia 
as,  for  example,  at  tho  end  of  a  thread  sus- 
pended in  the  liquid.  The  crystals  whioli 
form  against  the  sides  of  a  vessel  are  always 
more  or  less  united  with  each  other,  so  that 
only  a  few  of  their  faces,  and  sometimes  only 
portions  of  these  faces,  are  free.  Fig.  175 
represents  a  group  of  alum  crystals,  such  as  is  found  in  liw 
large  vnts  in  which   the   salt  is  crystaJiized,  and  will   give  ml 
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lea  of  t'.ie  mode  in  which  tlio  individual  crystals  are  grouped 
tether. 

If  a  Email  and  perfect  crystul  of  alum  is  placed  on  tho  bottom 

f  a  Tcssel  filled  with  a  saturated  solution  of  this  substauco,  the 

fslal  will   gradually  eiilargn,  and  in   a 

■gaW  manner,  on  all  sides  except  on  that 

whicl)   it  rests.     Fig,  ITG  represents  a 

1  which  has  been  thus  formed ;  the 

uidod  face,  m  n  p  q  r  s,   being   tlie   one 

|v)iie)i  rested  on  tlie  bottom  of  tlio  vessul. 

And  it  will  be  noticed  that  ttio  form  is  pro- 

cifcly  the  same  as  would  be  obtained  by 

renionug  from  tho  regular  octahedron  a 

c  parallel  to  one  of  its  faces. 

Frequently  the  growth   of  the   crystal, 

inder  such  circimi£lunc«s,  is  mtieh  greater 

1  a  horizontal  direction  than  it  is  in  the 

Birection    perpendicular   to   tlie    face    on 

irliicb  it  re»ls ;  and  tho  crystal  then  pre- 

an  appearance  similar  to  Fig.  ITT, 

I  which  tho  two  faces  which  wore  bori- 

nital  in  tlic  volution  have  the  same  form. 

We  sometimes  meet  wiUi  octahedrons  kelon^ng  to  the  mono- 

tnctric  system,  which  have  the  form  of  Pig.  ITS.     Four  of  tho 
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Fig  17a. 


faces  of  tliis  octobedron 
been  abnormally  dovelojxid, 
so  mucb  sg  that  wc  might 
iiiistuke  ihe  system  to  w 
tlio  crystal  belongs  ;  but 
measuring  the  interfacial  odt 
gles,  we  slioiili!  fiiul  Ibat  llicy 
wero  all  e(|ual  to  109*  2S', 
wliicli  is  tho  angle  of  tho  octa- 
licdrou. 

Fig,  179  represents  a  compound  form,  already  descrilwd,  con- 
EiEttng  of  an  octahedron  and  a  cube,  a  form  in  wliich  tho  eiil- 
pliida  of  lead,  galena,  frequently  crystallizes.  We  sometimes, 
also,  lind  crystals  of  lliia  min- 
eral, liaviiij:  tlio  form  repre- 
sented iu  Fig.  180,  winch 
might  mistako  fur  a  form  of 
the  dimetric  Eystora, 
however,  the  samu  form 
that  of  Fig.  179,  only 
mally  dcvL-ioped  in  tin 
tion  of  one  of  tlie  axes,  as 
cnuld  cosily  be  proved  h/ 
measuring  tho  interfacial 
between  any  two  faces,  o,  wliich  would  bo  found  in  every 
to  be  109'  28'. 

The  common  form  of  quartz  is  a  hexagonal  prism,  tcnnii 
by  a  hexagonal  pyramid.  The  interfacial  angle  between  any 
consecutive  prismatic  faces  is  1-0°;  that  between  any  two 
seuulive  pyramidal  faces,  133°  40'.     Fig,  181  represents  a  pei 
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mta.\  of  this  form ;  but  it  is  very  rarely  that  wo  fiiiil  crystals 
:t,  unless  Uiey  are  very  iniiiutii.  One  or  inoro  of  tlio 
I  ustially  abnormally  developed,  end  forius  liko  tlio*o 
|»ref«ntod  by  Pigs.  182, 183,  l!*4  ara  the  rosulta.  Hore,  as  in 
B  oUi«r  rase,  it  woiiid  be  found,  on  measuring  the  interruoinl 
^es,  that  they  ore  the  same  as  tlioso  botwcuu  Uio  faces  of  tho 
r  form. 
I  the  oblique  system,  the  irregular  development  of  faces  pro- 
I  even  greater  changes  in  the  general  aspect  of  tliu  crvslitl 
than  tliose  wliich  have  been 
noticed.  Fig!".  185  and  186 
rcpre«nt  two  crystals  of  fcl- 
'  t>cIongiiig  to  tbe  mono- 
Ibio  system,  which  have  ex- 
|tly  the  some  faces,  but  rtry 

tntly  deyelopcl. 
ifost  of  tbe  difficulties  ill  iho 
uly  of  crystals  arise  fr..iii 
distortions  to  tbose 
bieh  have  been  described, 
)  it  requires  prsotice  to  be 
)  to  unravel  tbe  cotnplex- 

.  vhich  they  present.  This  practice  is  bent  acquired  by 
idyin^  actual  specimens  whos«  form  Is  known,  and  comparing 
a  vith  the  perfect  models  of  the  name  form*. 
§(94.)  Groups  of  CryttaU.  —  We  frequently  find  two  or  more 
s  united  in  fach  a  way  as  to  produce  a  symmetrical  evm- 
btnation.  These  ooUeettonl  of  cryatals,  when  conniotiDg  of  only 
two  iDdEvidoals,  an  called  twia  criftlaU.  Tliey  have  regular 
bees,  and  tbe  aamc  perleetion  of  oalline  and  ui|^  «•  ampl* 
cryitala,  for  wbicb  tbej  migfat  woietiiDes  be  mjiiakgn  by  vu- 
ftwdSmA  otaerren.  That*  la,  bowever.  a  liiDple  afterioo  hj 
wbich  tbfy  caa  be  goacraQy  diacingniibed.  Kiple  erywtiAt 
Bcvvr  have  rv-enteriac  aagln ;  m>  Ast,  wbMiefcr  aodi  ■■ska 
■.  ilKn  inasi  be  preaeot  on  tbe  wftaaat  two  ot  man  tii£- 
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piano  m  n  p  q  r  s,  find 
tlicii  revolving  otio  liolf 
on  tho  axis  uniting  tbe 
centres  uf  tlie  two  oc- 
talicdral  (aces  tlirough 
au  angle  of  GO"  or  180', 
and  ihou  uniting  Uiu 
two  halves  again  by 
R«  187-  tis  1S8.  the  Burfaces  at  which 

tliey  were  Beparated. 
Fig.  189  represents  a  common  form  of  the  crystals  of  gypanm 
(sulphate  of  lime).  It  couBists,  as  the  re-entering  angia  shows, 
of  parte  of  two  crystals,  and  may  ho 
formed  by  cutting  a  complete  crystal 
(Fig.  190)  into  two  equal  parts  by  the 
piano  p  q  r  mno,  and  revolving  one 
lialf  of  tho  crystal  through  an  anglo 
of  1S.5°,  ou  an  axis  at  right  angles  to 
tho  plane  of  section,  aaid  then  again 
tniiting  the  two  halves.  Twin  crys- 
tals like  these  are  called  hemitropes. 
Wo  may  suppose  that  Buch  crystals 
were  formed  from  two  nuclei,  which 

became  originally  uiuted,  one  being  in  an  inverted  position  as 
regards  the  other,  and  that  one  grew  only  iu  oue  direction,  and 
the  other  in  the  opposite  direction. 

In    the    trimct- 
ric  system,  cruci- 
form crystals,  liko 
^^  thoso    representfd 

SJS^QH    il^SBHil     '"  ^'^^'  ^^^'  ^^-' 
R^^HBSH     ^HSSfiS'^sl  ^'^'^^  coioroon. 

The   crystals   rep- 
resented    in     Uk) 
figures  consist^ 
each  cose,  of  I 
simple  crystals.     For  a  fuller  development  of  this  subjecW 
refer  the  student  to  Pana'a  "  System  of  Mineralogy,"  Vm 
p.  127. 

(96.)  Helcrmination  of  Crt/ilals 111  order  to  determine  A 
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bstal,  it  is  eaeential  to  asccrtniii  two  points:  first,  tlio  orystAl* 
Be  »y>tom  to  wliicli  it  belongs,  and,  if  not  of  tliu  monomotrio 
ntem,  the  relative  leiigUis  and  inclinations  of  tlio  axus ;  wo- 
pdlf,  tliQ  simple  forms  of  wliicli  it  consists. 
I  When  the  ciysbil  lias  hccn  regularly  formed,  a  simple  in- 
paction  is  generally  Mifficiont  to  determine  the  cryKtnllino  eys- 
em  to  which  it  belongs  ;  but  when,  as  is  most  geneially  the 
:a9G,  tlio  crystal  is  more  or  less  distorted  by  the  cnliirgi-ment 
of  a  portion  of  the  planes  at  the  expense  of  olhers,  the  doter- 
latioii  of  the  crystalline  system  is  frequently  very  difficult. 
:ndying  out  the  crystalline  system  in  such  case),  it  U,  firat 
ii,  important  to  distinftiiish  the  different  sets  of  similar  planen, 
t  of  which  constitutes  a  simple  form.  The  following  indica- 
■  Jpve  Important  aid  in  this  respect. 

.  Similar  planes  are  alike  in  lustre,  hardness,  striie,  what- 
f  bo  the  variations  iu  size.     For  example,  if  a  cubical 
I  has  like  stria  on  all  its  six  faces,  tlicse  faces  are  all  simi- 
1  llio  form  belongs  to  the  monomotric  system. 

t  crystals  may  be  split  (^cleaved)  with  more  or  less  rcad- 
I  to  certain  of  their  faces.  This  projtcrty,  which  will 
1  in  a  future  section,  frequently  enables  as  to  distin- 
i  Mmflar  planes  when  the  crystallization  is  very  imperfect; 
a  find  that  cleavage  is  obtained  with  equal  ease  or  di^iculty 
Let  to  similar  faces,  and  with  unequal  ease  or  difficulty  par- 
allel to  dissimilar  faces ;  and  again,  that  cleavage  parallel  to 
■imiUr  planea  afibrda  planes  of  similar  lustre  and  appearance, 
uki  the  oooTene. 

A,  Flanes  equally  inclined  to  the  same  plane  are  similar,  and 
platM*  equally  inclined  to  similar  planes  are  similar. 

HATing,  by  means  of  these  indications,  studied  out  the  simi- 
lir  planea  of  tb«  crystal,  the  student  will  very  proba^ily  lie  aUo 
to  teeogniie  the  crystalline  system  at  once  ;  but  if  not,  be  will 
genermlly  fbut  an  nnening  guide  to  llic  system  of  crysullization 
in  flie  motfificatioas  of  the  crystal.  Tlie  law  whidi  governs  Ukh 
wndififntione  baa  already  been  stated  fOl),  and  the  mode  of  §j^ 
plyiog^  it  b  evident.  If,  for  example,  we  find  a  cubical  crystal 
wbne  baaal  edge*  an  diSersatljr  jootlificd  from  the  Ulcrrkl  edges, 
w«  Imovtbat  these  ed|9»a 
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system ;  but  if  only  the  opposite  basal  edges  are  modified 
it  belongs  to  the  trimetric  system.  The  following  table,  for  which 
I  am  indebted  to  Professor  Dana,*  will  aid  the  student  in  the 
examination  of  crystals. 

2.  Ani^lca  trnncated  or  replaced  >       q^u»««i 
by  3  or  6  similar  planes.  )       ®^'*^°'- 


1.  All  ed^rcs 
not  moditied 
alike. 

2.  Tuvt  or 
none  of  the 
angle.4  trunc. 
or  rcpl.  by  3 
or  6  similar 
planes. 


Namber  of  similar  planes  at  extremides  )  Hexaookal 
of  crystal  3  or  some  multiple  of  3.  )      Syitem* 

The  superior 
ba^al  moditicar 
tions  in  front 
not  similar  to 
the  correspond' 
ing  inferior  in 
front  or  Mupe' 
rior  behind. 


Number  of 
similar  planes 
at  extremities 
of  crystal  nei- 
ther 3  nor  a 
multiple  of  3. 


Two  adjacent  or  1  XBtCLMno 
two      approxtmaU  >      g  ,-tj»a 
sim.  pi.  impoesiblo.  )      o/**™"- 

Two  aJJaeent  or  )  MosrocLnr- 
two      approximate  /  lO 

sim.  pi.  possible.      )      SyBtem. 


N.  B.  The  ri<;ht  rhomboidal  prism  on  ita  i1ioiii> 
boidal  base  may  be  distinguished  from  the  other 
right  prism  by  the  dissimilar  modifications  of  iti  latp 
end  and  basal  edges  and  angles. 

1.  Similar  planes 
at  each  base  either 
4  or  8  in  number. 

2.  All  lat  edges 
(if  modified)  simil. 
trunc.  or  bevelled.^ 


The  iuperior 
basal  modifica- 
tions in  front 
similar  to  the 
corresponding 
inferior  in  front 
or  superior  be- 
hind. 


DiMXTBXO 

SysleiDa 


1.  Similar  planes  ' 
at  each  base  either 
2  or  4  in  number. 

2.  All  lat  edges 
(if  modified)  not 
simil.  truncated  or 
bevelled.  % 


TtLtKwnxa 
SysteoL 


The  study  of  the  modifications  of  crystals  may  sometimes 
correct  deductions  from  measurements.  The  interfacial  angles 
of  crystals  are  liable  to  slight  variations,  not  generally  exceed- 
ing a  few  minutes,  but  in  extraordinary  cases  amounting  to  one 
or  two  degrees.  For  example,  cubes  of  common  salt  have  been 
observed  with  angles  of  92**  or  93**,  and  might  be  mistaken  for 
rhombohedrons,  were  it  not  that  the  distribution  of  modifying 
planes  indicated  the  perfect  similarity  of  the  edges  and  angles. 

Having  determined  the  system  of  crystallization,  it  is  next  in^ 
portant,  if  the  system  is  not  the  monometric,  to  determine  the 


•  Dana's  System  of  Mineralogy,  Vol.  I.  p.  1 23. 

t  The  riiombohcdron  is  the  only  solid  included  in  this  division,  any  of  whose  anglet 
admit  of  a  truncation  or  replacement  by  three  or  six  planes. 

X  The  terminal  edges  of  the  octahedrons  are  here  termed  lateral,  in  order  that 
statements  may  be  generally  applicable  both  to  prisms  and  octahedfoos. 
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Hive  lengths  and  inclinations  of  the  axeii.  Thorn  'nt  obriousljr 
r%  direct  relation  botwoon  these  vuluos  ajid  tlio  intfirEacial  anglun, 
and  QiiM  relation  can  be  exjiresBod  mathoniaticolly,  so  tlint  tho 
one  can  be  calculated  Irom  tho  other.  It  ia  tho  osp«:ial  objuet 
of  works  on  the  subject  of  Muthomatical  Cry!ituI[ogra])hf  to  ex- 
plain these  rulntiona,  and  to  develop  the  fornuilm  by  which  Uiu 
calculations  can  be  made. 

The  last  point  in  the  determination  of  a  crystal  is  to  ancertain 
the  ajmple  forms  of  which  it  is  composed,  xo  an  to  give  tho  syin- 
bol.  thai  IS,  the  parameters  of  each  set  of  similar  planes.  In 
many  cases,  the  forms  may  he  discovered  by  Inspection  ;  but  In 
other  coecs  [ho  exact  parameters  of  any  one  form  can  only  bo 
SBOcrtain«d  by  calculation  from  tho  value  of  tlio  int^irfociul  an- 
^vt,  or  from  tlic  parameters  of  otbur  forms  already  known.  The 
tDfttfaod  of  mttking  these  calculaiionH  is  aW  explained  in  tbv 
works  on  Malliematical  Crystallography. 

(96.>  CVc  of  GoniomeUrt.  —  It  is  evident,  from  llio  liirt  aeo- 
tioo,  that  the  inteiiacial  angles  are  the  most  important  elemcnU 
in  the  dtlermimation  of  crystals.  These  angles  arc  mtmured  by 
means  of  iostrumenu  called  GoniomeUrs.  The  ntnplest  of  Uiesa 
inatrmMnts,  called  the  Commom  or  AfptiaUion  Goniometer,  ia 
rvpn>«aled  by  Tig.  Id3.  It 
GOD«sls  of  a  semicircular 
arc  gTadnsled  to  balMe- 
|rreea,  and  of  two  arms,  ar^ 
nagedas  represented  in  the 
iptre.  Tte  fint  of  tbcae 
inos,  a  i,  is  fixed  at  the  xe- 
TB  dnisoa:  bvl  the  wtwad, 
i fy  tsrat  «a  c,  die  eeatra  f^aa- 

of  the  are,  as  aa  axia,  acd 
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g  h,  Im,  and  can  be  shortened  at  pleasure,  a  provision  which     is 
frequently  important  in  the  case  of  small  crystals.     MoreoT^r, 
for  measuring  crystals  partially  imbedded,  the  arc  is  jointed  afc  /, 
so  that  the  part  a  t  may  be  folded  back  on  the  other  quadrant 
Sometimes  the  arms  admit  of  being  separated  from  the  arc,  an 
arrangement  which  is  more  convenient  than  the  one  represented 
in  tlie  figure. 

When  a  regular  goniometer  is  not  at  hand,  approximate  results 
may  be  obtained  by  means  of  an  extemporaneous  pair  of  armi 
made  of  thin  sheet-metal,  mica,  or  even  of  card.  The  arms  Are 
first  applied  to  the  faces  of  the  crystal,  as  already  described; 
then,  carefully  retained  in  their  relative  position,  they  are  placed 
on  a  sheet  of  paper,  and  the  angle  is  laid  off  by  drawing  lines 
with  a  pencil  and  ruler  parallel  with,  or  in  the  direction  of,  each 
of  the  arms.  This  angle  may  then  be  measured  by  means  of  a 
common  protractor,  or  a  scale  of  cords. 

The  common  goniometer  is  at  best  a  rough  instrument ;  for, 
even  when  delicately  used,  it  seldom  furnishes  results  within  a 
quarter  of  a  degree  of  the  truth.*  For  polished  crystals  we  have 
a  much  superior  instrument,  called  the  Reflective  Goniometer. 
Tliere  are  several  varieties  of  this  instrument,  but  we  shall  only 
describe  the  one  which  is  most  generally  used.  This  was  origi- 
nally devised  by  WoUaston,  and  is  called  by  his  name. 

The  principle  of  all  reflective  goniometers  is  illustrated  by 
Fig.  194.    Let  ab  che  the  section  of  a  crystal  made  by  a  plane 

perpendicular  to  the  edge 
formed  by  the  intersection 
of  the  two  faces  whose 
angle  we  wish  to  meas- 
ure, and  a  bj  a  Cj  the  sec- 
tions of  the  two  fiices. 
The  angle  required  is  ev- 
idently the  same  as  the 
plane  angle  b  a  c.  Let 
8  S  and  MM  be  two  ob- 
jects at  some  distance  from  the  crjrstal,  which  may  be  used  as 
signals.    The  eye  of  an  observer  at  O,  looking  at  the  face  of  the 


*  A  more  accurate  form  of  the  Application  Goniometer,  deriaed  by  AdelmniB,  to 
deicribed  in  Dnfr^noj'i  "  Traits  de  MIneralogie,"  YoL  L  This  inatnoMOt  tmj  •!» 
be  need  as  a  BeflectiTe  Goniometer. 
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1,  sees  a  reflected  image  pf  the  upper  sigiml  in  Llie  direction 
"'y  At,  and  coJDcidiug  with  tho  lower  signal,  seen  by  direct  vision, 
"t  now,  tJie  crystal  is  revolved  on  tlie  edge  whoso  projection  in 
''^  point  a,  until  it  assumes  the  position  a'  b'  (-',  it  ts  evident 
|*i»l  the  reflected  image  of  the  upper  Eignal  will  again  be  ceoa 
^»  coincidence  witli  the  lower  signal.  But  in  order  to  bring  the 
"fTslai  to  the  second  position,  it  is  obviously  nccesiiary  to  revolve 
-'ic  face  a  r  through  the  arc  mnp,  which  is  the  Hupplemont  of 
■tie  required  angle.  If,  then,  wo  can  measure  the  angle  through 
»hich  the  crystal  must  be  turned  in  order  to  reproduce  the  ooin- 
ddenco,  we  can  easily  calculate  the  angle  of  the  crystal.  This 
obj«ct  is  readily  accomplished  by  the  goniometer  of  Wollaston. 
The  instrument  consists  of  a  vertical  liraw  circle,  L  L\  Fig. 
%  aboat  twelve  centimetres  in  diameter,  whose  axis  Is  mounted 


t,  ^  9  r.    Ite  ende  ia  ^pAaattA  «■  f 
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and  through  it  passes,  with  slight  friction,  an  interior  axis,  o^  ^« 
At  one  end  of  this  interior  axis  is  fastened  the  milled  head  i,  Jjf 
means  of  which  it  maj  be  revolved,  and  at  the  other  end  the 
contrivances  for  supporting  and  adjusting  tlie  crystal,  z,  which  iB 
fastened  with  wax  to  a  thin  metallic  plate,  d  c.    From  this  ood- 
struction  it  is  evident  that,  if  we  turn  the  milled  head  t^,  the 
circle  and  crystal  will  both  revolve ;  but  if  we  turn  the  milled 
head  5,  the  crystal  may  be  revolved  independently  of  the  cirde. 
Any  distinct  horizontal  line,  such  as  the  bar  of  a  window,  may  be 
used  for  the  upper  signal ;  and  for  the  lower  signal,  a  black  line 
drawn  on  white  paper,  placed  several  feet  below,  and  acyusted 
parallel  to  the  first. 

In  use,  the  instrument  is  placed  on  a  table  about  ten  or  twelve 
feet  in  front  of  the  signals,  and  ac^usted  by  means  of  the  level- 
ling-screws,  until  its  axis  is  perfectly  horizontal  and  parallel  with 
the  lines  forming  the  signals.  The  crystal,  which  has  been  pre- 
viously attached  to  the  movable  plate  d  c,  is  next  adjusted,  so 
that  the  edge  of  the  interfacial  angle  to  be  measured  shadl  exactly 
coincide  with  the  axis  of  the  instrument  produced.  This  is  the 
most  difficult  adjustment,  and  requires  some  skill.  The  crystal 
should  first  be  brought  into  place  as  nearly  as  possible  by  the 
eye,  either  by  shifting  its  position  on  the  plate  d  c,  or  by  changing 
the  position  of  the  plate  by  means  of  the  axis  b  d  and  the  joint  g. 
When  apparently  adjusted,  the  eye  should  be  brought  as  near  the 
crystal  as  possible,  and  directed  towards  the  lower  signal.  The 
milled  head  s  should  next  be  turned  until  the  image  of  the  upper 
signal  is  seen  reflected  from  one  of  the  faces,  which  includes  the 
angle  to  be  measured.  If  the  crystal  is  perfectly  adjusted,  the 
image  will  appear  horizontal,  and  may  be  brought  into  perfect 
coincidence  with  the  lower  signal,  seen  by  direct  vision.  If  there 
is  not  a  perfect  coincidence,  the  adjustment  must  be  altered  untQ 
it  is  obtained.  The  milled  head  is  next  revolved  until  the  reflec- 
tion of  the  upper  signal  is  seen  in  the  second  face,  and  if  this 
image  also  coincides  with  the  lower  signal,  seen  in  direct  view, 
the  adjustment  is  complete ;  if  not,  the  adjustment  must  be 
made  perfect,  by  altering  the  position  of  the  plate  d  c,  and  the 
first  face  again  tried.  A  few  successive  trials  of  the  two  faces 
will  enable  the  observer  to  obtain  a  perfect  adjustment.  When 
the  two  images  are  perfectly  horizontal,  tlie  edge  formed  by  the 
intersection  of  the  two  faces  must  be  parallel  to  the  axis  of  the 
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bat  it  will  not  necessarily  coincide  with  it.  A  slight  vari- 
rom  exact  centring  in  the  position  of  the  edge  is  not, 
^owBTur.  of  iiuporlancc,  when  tlio  goniometer  is  placed  ten  or 
twelve  feet  <listaut  from  the  signals,  so  that  this  adjustment  may 
b*;  made  sufficiently  near  by  the  eye.  The  mcltioJ  of  adjustment 
whtdi  has  been  described  depends  oa  the  laws  of  reHectiou,  wliich 
will  be  explained  in  the  chapter  on  Light.* 

The  crystal  thus  adjusted,  the  angle  is  very  easily  measured. 
Tlie  xcro  dirisioti  of  the  limb  is  first  made  to  coincide  with  the 
zero  dirision  of  the  vernier.  The  eye  is  then  brought  as  near 
to  the  crystal  as  possible,  and  directed  towards  the  lower  sig- 
nal. The  crystal  is  then  revolved  by  the  milled  head  *  until 
tlie  image  of  the  upper  signal,  rejected  from  one  of  the  faces 
enclosing  the  required  angle,  coincides  with  the  lower  signal  seea 
bj  direct  vision.  This  coincidence  obtained,  the  circle  and 
crystal  are  turned  together  by  means  of  the  milted  head  v, 
taking  caro  to  keep  the  eye  iti  exactly  the  same  position  uutil 
the  same  coincidence  is  observed  with  the  second  face.  The  angle 
throogb  which  the  circle  has  been  turned  may  now  be  read  off 
by  means  of  the  vernier  ;  and  this,  as  we  have  seen,  Is  tlie  sup- 
plement of  the  angle  of  the  crystal.  When  the  faces  of  a  crystal 
are  highly  polished,  wc  can  determine  its  angles  by  means  of  the 
Wollaston  goniometer  within  a  few  minutes,  f  Unfortunately, 
bowerer,  the  faces  of  most  crystals  are  not  sufficiently  polished 
t*  gire,  under  ordinary  circumstances,  a  distinct  image  of  the 
.     aigaftt     In  many  such  cases,  good  results  can  be  obtained  by 

■  Making  tlie  measurements  in  a  partially  darkened  room,  and 
P  SBtng  as  the  upper  signal  a  narrow  slit  in  the  screen  covering  one 

■  of  the  windows,  and  as  the  lower  signal,  a  horizontal  black  line 
drawn  oa  the  casement  below.  The  slit  is  best  made  by  covering 
»  reetatigular  aperture  in  the  screen  with  a  parallel  niler,  which 


hrt  mnhod  of  adjnilin^  the  tranJomcier  and  the  crrMol  U  ilewrihcd  hj  Pro- 
H  Uiller.  of  CambriileP,  Enjilsnd.  in  hii  work  on  Crrstalloi^vpfiT.  and  alKi 
edition  of  Phillip«'>  MtiKrraloi;)'.  London,  1853.  Thi<  method  ii  pref«nb1a 
deHTihtd  io  tbe  text  in  nuat  uuvs,  tkud  eepcuiillj  wIkd  iha  crjftjili  an  nii- 
t  IttUni  of  the  (am  dim. 

ba  iDCthodt  at  rcrljfring  the  inMrnment  and  of  deicrminini;  the  probnUle 
■KMomDrnl.  Uio  atudiml  may  eontalt  Niiimann,  I.ehrhnch  dcr  rvinen  nnd 
Ian  Kiyitallocmphi*,  Lcipxit;.  18.10,  Band  II  ;  Nenmann.  Dm  Kryntallijs- 
Alhita  ( AbhMtdlungcn  det  kiioigliduMi  Akademis  der  WiueiucliafieTi  in 
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may  be  opened  more  or  less,  as  circtimstanoes  require.  When 
the  faces  are  very  dull,  the  slit  may  be  illuminated  bj  meaoB  of 
a  heliostat.  In  such  cases,  when  we  can  see  no  image,  we  ein 
sometimes  get  an  impression  of  light  imperfectly  reflected  from 
tlie  faces  of  the  crystal,  and  this  enables  us  to  measure  the  angle 
within  ten  or  twelve  minutes.  We  can  sometimes  render  the 
faces  of  crystals  reflecting,  by  fastening  on  them  Tory  thin  pieces 
of  mica  by  means  of  some  interposed  liquid,  such  as  water  or  oil 
of  turpentine. 

The  Wollaston  goniometer  has  been  modified  by  Rudberg* 
and  Mitscherlich,  f  and  the  instrument,  as  thus  improved,  is  con- 
structed by  Oertling,  of  Berlin.  The  modifications  consist 
chiefly,  —  First,  in  an  improved  apparatus  for  centring  and 
adjusting  the  crystal.  Secondly,  in  substituting  for  the  dirtant 
signals  crosfr-wires  at  the  focus  of  the  eye-piece  of  a  teleseope 
which  is  firmly  attached  to  the  stand  of  tlie  instrument.  The 
object-glass,  which  is  directed  towards  the  crystal,  is  so  adjusted 
that  the  rays  of  light  emanating  from  a  lamp  placed  before  the 
eye-piece  and  illuminating  the  cross-wires  are  rendered  parallel 
before  they  strike  upon  the  face  of  the  crystal,  and  thus  produce 
the  same  eflect  as  if  they  emanated  from  a  signal  ten  or  twelve 
feet  distant.  Tliirdly,  in  directing  the  eye  by  means  of  a  second 
telescope,  furnished  with  cross-wires,  whose  optical  axis  is  in  the 
same  plane  as  that  of  the  first  telescope,  and  is  parallel  to  the 
plane  of  the  graduated  circle.  In  using  this  instrument,  the 
crystal  is  first  carefully  adjusted,  and  then  turned  imtil  the  re- 
flected image  of  the  cross-wires  of  the  first  telescope  is  seen  to 
coincide  with  those  of  the  second,  seen  by  direct  vision.  The 
whole  circle  is  then  turned  until  the  same  coincidence  is  obtained 
with  the  image  reflected  from  the  second  face.  Tlio  angle  is  then 
read  ofi*  on  the  graduated  limb,  which,  in  the  large  goniometer 
constructed  by  Oertling,  is  divided  into  sixths  of  a  degree,  and 
each  of  these  divisions  subdivided  by  a  vernier  into  sixths  of  a 
minute.  This  goniometer  gives  very  accurate  measurements; 
but  on  account  of  the  loss  of  light  produced  by  the  lenses,  it  can 
only  be  used  with  crystals  whose  faces  are  highly  polished.    In- 


*  Yorschlag  zo  einem  yerbesserten  Reflcxionsgonioineter  ( Annalen  der  Phjs.  and 
Chem.  Ton  Poj^ndorf,  IX.  s.  517). 

t  Abh.  der  kon.  Akad.  der  WiM.,  Berlin,  1825, 1839.  Also  Dofr^noj,  Timittf  de 
Mineralogie,  Vol.  I. 
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deed,  it  Is  seldom  that  such  nicety  U  required,  since  the  angles 
of  crystals  arc  liable  to  accidental  variations  amounting  to  several 
aUDUt««,  and  the  ordinary  Woilaston  goniometer  will  in  most  cases 
measure  tlie  Angles  as  accurately  as  they  are  formed  by  nature. 
For  descriptions  of  tlio  various  forms  of  rcBectivo  and  other 
niEoiDPtcrs,  which  have  been  proposed  Uy  Biibinet,*  Uaidinger,t 
1  others.  {  tlio  student  ia  referred  to  the  original  memoirs. 
(97.)  IdeiUilgof  Crgtlallhie  Form. — It  was  slated  in  (.TD), 
lat,  vith  certain  limitations,  the  cr}'stulline  form  is  always  tlis 
mo  for  the  iame  subslaw,  and  wo  arc  now  prepared  to  undor- 
itid  what  tlie  limitations  are.     It  is  not  triio,  in  the  ordinary 
tation  of  the  word,  that  the  same  substance  always  crystal- 
in  tlio  same  form  ;  bnt  tlie  same  substance,  with  the  cxce]> 
[ous   liercofter  to   be   noticed,  always   crystallizes  in  the  same 
tgttem.     Common  salt,  for  example,  usually  crystallizes  in  cubes ; 
Init  when  it  is  crystallized  from  a  solution  containing  urea,  it 
I  tli«  form  of  the  regular  octahedron,  or  else  a  compound 
1,  on  which  the  cul>e  and  octahedron  are  united.     Both  of 
I  forma  belong  to  tlie  Monometric  l^ystem.     So  also,  M.  le 
ntc  d«  Eournon,  in  a  monograph  of  two  volumes,  has  do- 
rihed  eight  hundred  different  forms  of  the  mineral  catcite  ;  but 
[1  of  these  belong  to  tlie  Moxagonol  f^ystcm.    When  a  substance 
""cryslallizca  in  the  Monometric  System,  the  relative  lengths  of  the 
axe»  of  the  different  forms  must  necessarily  be  the  same  ;  but  iu 
Uie  other  systems,  the  relative  lengths  of  the  axes  of  tlie  diSerent 
s  of  thu  samo  substance  may  be  different.     ^Ve  have  seen, 
vetcr,  tliat  these  lengths  always  bear  to  each  other  a  very  sim- 
I  uomerical  ratio  (compare  pages  143, 147, 159,  and  164),  and 
t  in  the  oblique  systems  the  axes  of  the  different  tbrms  of  the 
D  suhslancu  have  always  the  same  relative  inclinations  (oom- 
B  jnges  164  and  168),     It  follows,  therefore,  that  when  we  say 
iat  a  substance  always  crystallizes  in   tlie  samo  form,  we  only 
II  that  it  crystallizes  in  forms  belonging  to  the  same  system. 
B  number  of  possili/e  forma  in  which  a  given  substance  may 
IjstalUzo  (although  it  is  restricted  to  forms  of  one  system)  is, 

I  UbMbv]',  Trailrf  ilc  Mirwnlngis,  Vol.  I. 

irirhu  4Br  tnaihrm  -nawrw.  Clasw  der  tftii.  Aksdemia  der  Wiwen- 
NoTCtiiborhcfle  do  Jiilii^pingpi  1  tii. 
;  Tonehbm  ni  eincm  Goniometer  (Joartial  tHr  pnkitiwbe  Chraits  ran 
d  II ).    liilWt't  Annalim  Avt  Pbjvk,  Jabrgans  1830.    Alio  Koliufi, 
»itt'RrjtlMangn),'\iie,  Bfuaii,  1855. 
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of  course,  infinite  ;  but  the  number  of  actual  forms  in  which  it 
is  observed  to  crystallize  is  generally  very  limited,  —  seldom  ex- 
ceeding two  or  three.  Under  similar  circumstances ^  a  given 
substance  almost  invariably  takes  the  same  farm;  so  that  this 
form  is  one  of  the  most  characteristic  properties  by  which  a 
substance  may  be  recognized.  Moreover,  we  also  find  that  in 
any  given  system  the  possible  forms  of  a  substance  are  limited 
to  either  holohedral  or  hemihedral  forms.  For  example,  we 
always  find  iron  pyrites  crystallized  in  the  parallel  hemihedral 
forms  of  the  Monometric  System,  and  gray  copper  in  the  oblique 
hemihedral  forms  of  the  same  system. 

(98.)  Dimorphism  and  Polymorphism*  —  There  are  several 
substances,  which,  under  widely  dififerent  conditions,  may  be 
made  to  crystallize  in  the  forms  of  two  systems,  and  a  few 
which  may  be  made  to  crystallize  in  those  of  tliree  systems. 
Such  substances  are  said  to  be  dimorphous  or  polymorphous. 
Sulphur,  for  example,  at  the  ordinary  temperature  of  the  air, 
crystallizes  in  the  forms  of  the  Trimetric  System ;  but  at  the  tem- 
perature of  US''  G.  it  crystallizes  in  the  forms  of  the  Monoclinic 
System.  Carbon,  also,  is  found  in  nature  as  diamond,  whose 
crystals  belong  to  the  Monometric  System,  and  as  graphite,  whose 
crystals  belong  to  the  Hexagonal  System.  Again,  carbonate  of 
lime  occurs  in  forms  of  the  Hexagonal  System,  when  it  is  called 
calcite  ;  and  in  forms  of  the  Trimetric  System,  when  it  is  called 
arroffonite.  Lastly,  titanic  acid  crystallizes  in  the  forms  of  the 
Dimetric  System,  in  which  a  :  b  =1  :  0.6442  (rutile')  ;  in  forms 
of  the  same  system,  in  which  a  :  b  =  1  :  1.7723  (^atUcLse') ;  and 
also  in  forms  of  the  Trimetric  System  (brookite). 

When,  however,  a  substance  crystallizes  in  the  forms  of  differ- 
ent systems,  we  find  that  in  the  several  states  its  other  properties 
difier  ^as  widely  as  the  forms ;  and  so  much  so,  that  it  may  be 
questioned  whether  they  can  properly  be  i*egarded  as  the  same 
substances.  No  two  substances  could  differ  more  widely  than 
the  two  states  of  carbon  (diamond  and  graphite)  ;  and  similar 
differences,  although  not  quite  so  striking,  exist  between  the 
different  states  of  other  substances.  It  becomes,  then,  a  question 
of  considerable  interest,  whether  these  states  can  properly  be  re- 
garded as  the  same  substance.  But  this  discussion  must  be  re- 
served for  another  portion  of  this  work. 
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Elasiicity, 

).)  Elasticity  of  Solids.  —  Having  considered  tlio  effect  of 
cohesion  iu  retaining  tlie  molecules  of  eoHds  in  a  detcrniitmte  po- 
silioo  with  reference  to  each  other  (79),  we  come  next  to  consider 
the  effect  of  this  molecular  force  iu  deteriniuiiig  phenomena  of 
elasticity.  It  has  been  stated  (77),  that  the  phenomena  of  elas- 
ticity could  bo  developed  iu  all  matter  by  compression,  and  that  in 
Bolid  matter  they  could  also  bo  developed  by  tension,  hy  Jlexitre, 
and  by  torsion.  The  laws  of  elasticity  in  solid  bodies  may,  for  tho 
most  part,  be  developed  both  by  mathematical  analysis  and  by 
experiment ;  but  wo  shall  be  obliged  to  confine  ourselves,  in  this 
work,  to  a  simple  enunciation  of  them,  referring  tho  student  to 
the  works  on  Physics  which  have  been  previously  cited,  for  a 
full  development  of  the  subject. 

(100.)  Elasticity  of  Tension.  —  In  experimenting  on  the  elas- 
ticity developed  in  solids  by  tension,  wo  suspend  tlie  rod  or  wiro 
by  its  upper  extremity  to  a 
&rai  support,  and  attach  to  its 
lower  extremity  a  pan  to  re- 
ceive weight  (Fig.  196).  The 
elongation  caused  by  the  addi- 
tion of  weight  to  the  pan  can 
tlien  be  measured  by  means  of 
a  catlic  to  meter.*  If  the  elon- 
gation does  not  exceed  a  cer- 
tain amount  for  any  given 
rod,  and  the  experiment  is  not 
continued  too  long,  the  rod 
will  resume  its  original  length 
when  tlie  weight  is  removed. 
If,  however,  the  elongation 
exceeds  the  limit  of  elastici- 
ty, or  if  tlie  strain  is  contin- 
ued beyond  a  limited  time,  a 
permanent  change  of  length 
and  bulk  will  ensue.  When 
the    limits    of    elasticity   are 


*  Thii  initnuiwDl  will  be  deaeribtd  in  ihc  chuplcr 
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^H  not  exceeded,  it  ^ill  bo  found  that  tlio  following  laws  will  hold 

^M  tnio  ill  all  experiments  of  this  kind. 

^M  1.    The  e/on^alion  caused  by  an  increase  of  tension  is  the  same 

^H  for  the  same  siiblance,  whatever  may  have  been  the  original  len- 

^M  sioa.     For  example,  if  we  aro  experimenting  on  a  rod  of  iron, 

^M  we  shall  find  that  the  elongation  caused  by  the  addition  of  one 

^M  kilogramme  to  tlio  pun  is  the  same,  whether  the  pan  was  before 

^M  empty,  or  was  loaded  with  fifty  kilogrammes  or  any  other  amount 

^K  of  weight. 

H  2.      The  elongation  is  proportional  to  the  increase  of  tension. 

^1  If  the  rod  is  elongated  one  millimetre  by  one  kilogramme,  it  will 

^m  bo  elongated  ten  millimctros  by  ten  kilogrammes,  and  so  on. 

^M  3.    The  elongation  is  proportional  to  the  length  of  the  rod. 

^1  A  rod  of  the  same  substance,  of  the  same  size,  but  twice  as  long 

^B  as  another,  will  bo  elongated  twieo  as  much  by  the  same  increase 

^1  of  weight. 

^1  4.    The  elongation  is  inversely  proportional  to  the  area  of  the 

^M  section  made  at  right  angles  to  the  length  of  the  rod.     If,  for 

^M  example,  two  rods  of  the  same  substance  havo  the  same  length, 

^P  and  if  the  area  of  the  section  of  the  first  is  twice  as  great  as  that 

of  the  second,  it  will  only  be  elongated  one  half  as  much  by  the 

same  strain. 

(101.)   Coefficient  of  Elasticity.  —  It  follows  from  these  laws, 

^M  that  the  elongation  of  a  given  rod,  which  we  will  represent  by  /, 

H  is  proportional,  first,  to  a  constant  quantity,  C,  depending  on  the 

^1  nature  of  its  substance  ;  secondly,  to  the  weight,  tU,  by  which  it 

H  is  stretched  ;  thirdly,  to  its  length,  L  ;  and,  fourthly,  is  inversely 

^M  proportional  to  the  area  of  the  section,  S.     This,  expressed  in 

^M  mathematical  language,  is 

H  /=  c.  tu .  L 

H  lience, 

■  ,_n*nL  ^_    IS 

\ 

■  Til 


s 

If  in  these  equations  we  put  JT  =  - 
,       1    to  /- 


L  to 
,  tlicy  Trill  become, 

.._/-to 


csscd  in 

[cs.iV 


Tills  quantity,  K,  is  called  the  coefficient  of  elasticity.     If  in  the 
last  equation  we  put  1=  L,  tliat  is,  if  we  suppose  the  elongation 
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1  to  tlie  original  length,  &ud  also  make  8  c=  1  u.  lu.^, 

ion  becomes  ii  =  tD  ;  which  shows  that  the  coetficieiit 

IBdtjr  of  any  liomogciieous  Bubstaiicc  is  equal  to  tho  abeo- 

liilc  weight  required  to  duubic  the  length  of  a  bur  of  ibut  sub- 

tUmcc,  whose  section  is  equal  to  one  square  niilliinetro,  BU|i)iosing 

ich  ui  increase  of  length  were  possible,  which  is  nut  lliu  cnso 

Kupt  with  threads  of  India-rubber.     The  following  table  gives 

t  coefficients  of  elasticity  of  a  number  of  metals,  as  deter- 

ined  bf  U.  Wertheim. 

\eitmU  of  ElaMicity  of  Annealed  Metak  at  different  Ttmperatum. 


Lad,     .        . 

.    1,727 

1,630 

Gold, .        . 

5,564 

5.408 

5,482 

Sllrtr.    . 

.    7,U0 

7,274 

6,374 

0>pper,       .         . 

10,519 

9,827 

7,862 

PliUtauo,        . 

.  15,518 

14,178 

12,964 

Iran  .        .        . 

20,794 

21,877 

17,700 

Csl-Slcel,      . 

.  19,561 

19,014 

17,926 

Englkh  Sled,     , 

17,278 

21,292 

19,278 

I  It  appears  from  this  table,  that,  as  a  general  rule,  the  coeffi- 

mls  dimlnisli  as  the  temperature  rii«cs  from  15°  to  200*. 
I  M.  Wertlieim  has  also  made  experiments  on  metals  which  have 
1  nilnnittcd  to  various  mechanical  agencies,  and  has  found 
that  all  eircumitances  which  increase  the  dcntily  increase  alto 
ike  eof^cient  of  elaslidti/y  and  the  reverse. 

Tbo  coefficient  of  an  alloy  is  sensibly  tho  mean  of  tlio  coeffi- 
cients of  the  metals  which  enter  into  its  composition,  CTcn  when 
a  cbuige  of  volume  accompanies  the  formation  of  tlic  alloy.  A 
current  of  electricity  diminishes  momentarily  thn  etajrticUy,  iwle- 
pmdcnlly  of  tlie  diminution  caused  by  tho  clcratJon  of  teniper- 
■lurc  whidi  it  produces. 

(102.)  Elaslicity  of  Campretrion.  —  If  a  bar  b  ampnmod 
in  tlie  directtoD  of  its  l«ngtti  by  a  force  acting  at  the  oxtrcmitief, 
it  is  found  that  the  amount  by  which  it  is  shortened  is  ezodly 
«<qaal  to  tbe  amount  by  which  it  would  be  l«itf[iiieit«<l.  were  tlw 
force  applied  so  as  tn  vtrctch  it.  It  follows,  from  this  oqnatity  in 
tb«  efliicla  produced,  tliat  the  laws  of  eWtieity  developed  by  eoo- 


rion  an  tb«  same  as  the  laws  of  ilr'r 
<108.)   Baiiicits  of  Flexur'. 
ny  dereloped  by  Oexun:  is  illn'^r 
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scnts  a  rectangular  bar,  A  S^ 
fastenod  at  ono  of  its  extreme.— 
tli!s  iu  a.  horizontal  position. 
If,  now,  we  press  upon  the  free 
extremity  of  the  bar  at  B,  so 
as  to  curve  it  a  little,  the  bar 
will  tend  to  return  to  it»  Gnt 
position,  in  consequence  of  the  elasticity  developed  by  the  flei- 
ure  ;  and  if  left  to  itself,  will  resume  tlie  horizontal  position  after 
a  few  oscillations. 

The  elasticity  of  flexure  ia,  in  great  measure,  a  mixed  effect  of 
the  elasticity  of  compression  and  tension.  Since,  by  tlie  bending 
of  the  bar,  tlie  particles  of  the  convex  surface  A  B'  are  drawn 
apart,  while  those  of  the  concave  surface  C  D'  are  forced  to- 
gether, and  it  is  in  consequence  of  the  elasticity  tlius  developed 
that  tlie  bar  tends  to  return  to  its  original  position.  Bnt,  more- 
over, tlie  particles  of  the  bar  have  changed  their  position,  iuile- 
pendeutly  of  the  chan)ie  of  their  relative  distances  apart,  since 
tlie  particles,  which  were  previously  situated  on  a  straight  line, 
are  now  on  a  curved  line  ;  and  we  know  that  such  a  change 
of  position  must  be  accompanied  with  a  development  of  elas- 
ticity. 

Starting  from  these  data,  the  laws  of  elasticity  of  flexure  ( 
be  deiluced  by  mathematical  analysis.     They  arc  compi 
the  formula, 


to  = 


I? 


lexure  dt^H 
mprisafl^l 


in  which  L  is  the  length  of  the  bar  ;  tD,  the  weight  acting  per- 
pendicularly, and  tending  to  bend  it ;  b,  the  breadth  of  the  bar 
measured  perpendicularly  to  the  direction  of  this  force  ;  e,  UiO 
thickness  of  the  bar  ;  a,  the  arc  described  B  B';  and  A',  a  coa> 
stant  quantity  depending  on  its  substance.  If  in  [li7]  we  pat 
L=  1  ni.,  6  =  1  c.  m.,  f  =  1  c.  m.,  o  ^  1  c.  m.,  it  becomes 
to  ^  K.  The  number  A'  is  called  the  coefficient  of  the  elas- 
ticity of  flexuro,  and  it  is  evidently  equal  to  the  wciglil  which 
will  bend  a  bar  of  a  given  substance  one  metre  long  and  one 
centimetre  square  through  au  arc  of  one  centimetre.  When  tlie 
values  of  a,  b,  e,  and  L  liavc  been  determined  by  expcrimoat  in 
the  case  of  any  substance,  the  value  of  K  for  this  substance  can 
easily  be  calculated. 
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Equation  [67]  shows  that  the  flexure  of  tho  bar,  or  o,  is  pri> 
portioiial  to  the  force  tD.  It  follows  from  this,  that,  as  the  rod  is 
bent,  it  tends  to  restore  itself  to  the  position  of  equilibrium  with 
a  force  which  increases  with  the  distance  of  each  of  its  points 
from  their  position  of  equihbriuni.  Now  it  can  be  proved  that, 
when  this  condition  exists,  the  oscillations  which  the  bar  makes 
in  returning  to  the  position  of  equilibrium  will  be  isoclironous, 
whatever  may  be  their  amplitude.  Hence  reciprocally  it  will 
follow,  that,  if  the  oscillations  of  such  a  bar  are  isochronous,  the 
condition  under  consideration  must  exist.  It  is  easy  to  verify  the 
isochronism  of  the  oscillations  experimentally,  because,  being  very 
rapid,  they  produce  a  sound  whose  pitch  depends  on  the  number 
of  oscillations  in  a  second,  and  hence  in  any  case  would  vary,  if 
the  isochrouism  were  not  preserved.  Now  it  is  well  known  that 
this  pitch  is  constant  for  a  given  bar,  whatever  may  be  the  ampli- 
tude of  the  oscillations  ;  and  thus  this  is  at  once  a  conscquenco 
and  a  proof  of  the  law,  that  the  Hexurc  is  proportional  to  the 
force. 

It  has  been  assumed  in  this  discussion,  that  the  section  of  the 
bar  is  a  rectangle,  and  that  the  force  is  applied  in  a  direction  per- 
pendicular to  one  of  its  sides.  When  these  conditions  are  not 
fulfilled,  t!ie  formula  [67]  no  longer  hold  true.  It  has  been  also 
assumed  that  the  bar  returns  exactly  to  its  first  position  when  it 
is  freed,  or,  in  other  words,  that  the  flexure  does  not  exceed  the 
limit  of  elasticity. 

(104.)  Applications.  —  Almost  all  springs  —  for  example, 
watch-springs  and  carriage-springs  —  are  appli- 
cations of  the  elasticity  of  flexure.  The  Ihjw 
is  another  example.  The  elasticity  of  a  hair 
cushion  is  due  to  the  elasticity  of  flexure  devel- 
oped in  the  single  hairs.  The  spring  balance, 
Pig.  198,  which  has  been  already  described  (Tt ). 
is  an  application  of  tho  law  that  the  flexure  is 
proportional  to  the  weight. 

The  elasticity  of  flexure  has  been  applied  by 
Bourdon  in  the  construction  of  a  metallic  ma- 
nometer and  barometer,  which  bear  his  name. 
It  is  a  familiar  fact,  that,  if  we  force  air  into 
a  flexible  tube,  closed  at  one  end,  which  is 
flattened  and  coiled  up  on  its  flat  side,  tlio  pressure  tends  to 
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■uncoil  it;  and,  on  the  other  Iiand,  that,  if  we  exhaust  the 
air,  the  exterior  pressure  teods  to  coil  it  still  Turther.  If  lira 
tube  is  also  elastic,  it  is  evident  that,  when  tlie  pressure  is  n- 
moved  or  restored,  it  will 
return  to  its  former  condi- 
tion, provided  that  the  lim- 
its of  elasticity  are  not 
pasBcd.  These  facts  an 
tiio  basis  of  the  two  instru- 
ments represented  in  Figs. 
199  and  200. 

The  chief  object  of  the 
manomHer  (Fig.  199)  is  lo 
measure  the  pressure  exert- 
ed by  confined  steam,  al- 
though it  might  be  used  for 
any  similar  purpose.  It 
consists  of  an  elastic  tube, 
a  b,  made  of  brass,  and 
coiled  as  represented  in  tho 
figure.  A  Boction  of  this  tube  is  represented  at  S.  The  end  of 
the  tube,  o,  is  firmly  fastened  to  the  stopcock,  m,  by  vhich  it 
connects  with  the  steam-boiler.  To  tbo  closed  end  of  the  1 
b,  is  attached  a  band,  e,  which 
moves  over  an  index.  As  the 
pressure  of  the  steam  on  the  inte- 
rior surface  of  the  tube  increases, 
itgraduallyuncoils,  and  the  hand 
points  to  the  number  of  atmos- 
pheres of  pressure.  When  tbo 
pressure  is  removed,  the  tube, 
in  virtue  of  ila  elasticity,  resumes 
its  original  positiou,  and  the  band 
points  to  the  first  division  of  the 
scale. 

The  barometer  (Fig.  200)  is  a 
more  delicatfl  instrument,  con- 
structed on  the  same  principle. 

The  tube  is  here  closed  at  both  ends,  and  when  the  pressure  of 
the  atmosphere  is  just  equal  to  the  tension  of  the  confined  air,  it 
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^•*'»  tha  condition  of  cqiiilibritiiu.  When,  liowover,  the  pressure 
"'  "iio  atnio»phet-e  diiiiiiiiblics,  there  is  au  excess  of  pressure  on  the 
interior  tiirfiaco  of  the  tiil>e.  and  it  tends  to  uncoil ;  on  the  other 
Wil,  wtieu  the  atmosplicric  pressure  iucreases,  tliere  is  an  ex- 
^'in  of  pressure  on  the  exterior  surface,  and  the  tube  tends  to 
'■'III  still  more.  As  constructed,  tlio  air  is  partially  cxhuiitited 
^ivm  the  tube,  and  lience  the  pressure  of  the  atmoNpliere  always 
lunil.t  to  cull  it  more  or  Ices,  as  compared  with  the  condition  of 
equilibrium.  The  tube  is  fastened,  at  the  middle  of  its  length,  to 
ihis  upper  part  of  the  instrument,  and  its  free  ends  are  connected, 
tiy  Ihc  metallic  threads  a,  &,  with  the  hand,  which  serves  to  mul- 
riljr  t])e  motion,  while  a  small  spiral  spring,  c,  causes  the  needle 
■ft>Uoir  with  accuracy  any  change  of  position  in  the  ends  of  the 
The  arc  is  graduated  to  correspond  with  a  mercurial  ba- 
wter,  and  denotes  the  number  of  centimetres  of  mercury  to 
ich  the  atmospheric  pressure  corresponds. 
1(105.)  Elasticity  of  Torsion.  —  It  is  a  fact  of  frequent  obser- 
IHon,  (hat,  when  a  metallic  wire,  a  b  (Fig.  201),  fastened  at  one 

,  is  twisted  by  a  force  applied   at  the 
ler,  it  strircs  to  return  to  ita  original 
•itiou.  and  when  free  returns  to  this  po- 
,  after  having  made  a  number  of  os- 
[atioiis.     This  of  course  supposes  that 
I  itrain  has  not  exceeded  the  limit  of 
ticity. 
ilt  is  easy  to  see  how  elasticity  is  derel- 
1  in  a  wire  by  torsion.     Suppose  m  n, 
:  201,  to  be  a  line  of  particles  parallel 
k  tlie  axis  of  the  wire  when  in  a  state  of 
eqttnibritun.     It  is  evident  that,  when  the 
wire  is  twisted,  these  particles  will  be  dis- 
ntted  on  the  helix  m  n' ;  but  in  order  to 
D  this  position,  the  distances  between 
k  WCoessiTC  molecules  must  be  increased, 
Ich  will  deTelop  the  elasticity  of  tension. 
It/  is  also  developed  by  the  fact  that  the  particles  resist  any 
uge  of  position,  even  when  the  relative  distances  are  pre- 
red. 

"he  angle  a,  through  which  a  radius  of  the  lower  base  of  tha 
■  is  turned,  is  termed  tke  angle  of  torsion.    The  force  whi 


Besides,  this  elas- 
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applied  at  the  extremity  of  a  lever  equal  to  the  unit  of  length 
and  perpendicular  to  the  wire,  will  maintain  it  in  a  position 
which  corresponds  to  a  certain  angle  of  torsion,  is  called  the 
force  of  torsion.  And  when  the  angle  of  torsion  is  such  that  the 
arc  described  by  the  extremity  of  the  lever  is  also  equal  to  unify, 
the  force  of  torsion  is  called  the  coefficient  of  torsion. 

The  laws  of  the  elasticity  of  torsion  were  investigated  by  Cou- 
lomb, and  are  expressed  in  the  following  formuks :  — 

t^nr    IIZT,  [68.1 

or 

i^  =  ^f;  [69.] 

which  apply  to  the  case  represented  in  Fig.  201,  of  a  cylindrical 
weight  suspended  by  a  cylindrical  wire  to  a  fixed  sup[K)rt,  a,  so 
that  the  axis  of  the  cylinder  and  the  wire  correspond.  In  this 
case,  W  represents  the  weight  of  the  cylinder ;  r,  its  radius ;  j*, 
the  force  of  gravity;  Fy  the  coefficient  of  torsion  of  the  wire; 
and  tj  the  time  of  the  oscillations  which  the  cylinder  makes  on 
its  axis,  in  returning  to  the  state  of  rest  after  the  wire  has  been 
twisted.  The  laws  of  torsion  discovered  by  Coulomb  are  as 
follows. 

1.  The  force  of  torsion  is  proportional  to  the  angle  of  torsion. 
In  order  to  establish  this  law,  Coulomb  made  experiments  on  the 
oscillations  of  the  weight  W  on  its  axis  caused  by  the  torsion  of 
the  wire,  using  wires  of  different  substances,  and  loading  them 
with  difierent  weights.  He  found  that  in  each  case  the  times  of 
the  oscillations  were  independent  of  the  amplitudes,  or,  in  other 
words,  that  they  were  isochronous ;  and  it  can  readily  be  shown, 
by  the  same  course  of  reasoning  used  in  (103),  in  regard  to  the 
elasticity  of  flexion,  that  the  law  is  a  necessary  consequence  of 
this  fact. 

The  isochronism  of  the  oscillations  caused  by  torsion  is  ex- 
pressed by  [68],  since  the  value  of  the  second  member  of  the 
equation  is  independent  of  the  amplitude. 

2.  The  force  of  torsion  is  independent  of  the  tension  of  the 

wire.    It  has  been  proved  by  experiment,  that  the  square  of  tlie 

time  of  oscillation  is  proportional  to  the  weight,  TT,  or,  in  other 

W 
words,  that  7  is  a  constant  quantity ;  and  hence  it  follows,  that 


r 


the  value  of  F  [69}  ia  not  changed  b^  an^  variation   of   tlie 
weiglit. 

The  coefGcieot  of  torsion  depends  upon  tlie  substance  of  the 
Tire,  and  also  upon  its  diameter  and  its  length,  it  being  inversely 
proportional  to  the  lengtli  and  directly  proportional  to  tlio  fourth 
power  of  the  diameter  of  tho  wire. 

(106.)  Applications  of  the  Elasticity  of  Torsion.  —  One  of 
the  most  beautiful  applications  of  the  laws  of  torsion  is  tho  tor- 
sion-balance, contrived  for  measuring 
tho  intensity  of  feeble  attractive  and 
repulsive  forces.  One  form  of  this 
balance,  which  is  used  for  measuring 
the  intensity  of  tlio  attractive  or  repul- 
sive force  between  electrified  bodice,  is 
represented  in  Fig.  202.  The  general 
structure  of  the  apparatus  is  evident 
from  tho  figure,  and  does  not  require 
description.  Tho  most  essential  part 
of  it  is  a  fine  silver  wire,  attached, 
at  its  upper  end,  to  the  brass  circle 
e,  and  from  the  lower  end  of  which 
is  stispended  a  shellac  needle.  The 
circle  e  is  movable,  and  tnrns  on  the 
cap,  vhich  is  cemented  to  the  glass 
tube  d.  This  circle  is  graduated  on 
the  exterior  rim  into  degrees,  and  the  index-mark  at  a,  which  is 
fastened  to  the  cap,  indicates  the  angle  through  which  the  circle  e 
has  been  turned.  The  glass  tube  also  turns  in  a  brass  socket, 
which  is  cemented  to  the  glass  cover  of  the  apparatus.  The  re- 
pulsive or  attractive  force  between  the  two  electrified  balls  m  and 
n,  is  measured  by  the  angle  through  which  it  is  necessary  to  twist 
the  wire  (by  turning  the  circle  e  ),  in  order  to  balance  it,  tho  force 
exerted  being  always  proportional  to  tho  angle  of  torsion.  A 
modificatioQ  of  the  torsion-balance  was  employed  by  Cavendish, 
and  subsequently  by  Bayly,  in  tho  determination  of  tho  density 
of  the  earth, 

(107.)  Limit  of  Elasiieitij.  —  It  has  been  several  times  stated 
in  the  previous  sections,  that  the  laws  of  elasticity  only  hold  true 
60  long  as  the  strain  does  not  exceed  the  limit  of  elasticity,  and 
it  was  stated  in  action  (77),  that,  within  more  or  less  narrow 
17 


fig.  303. 


194 


CHEMICAL   PHYSICS. 


limits,  all  Bolids  were  perfectly  elastic.  The  plienomciia  of  elas- 
ticity may  be  developed  liy  torsion  in  those  Eubstaiices  wliicli  Eeeoi 
the  most  doEtitute  of  this  property.  Thus,  if  wo  take  a  leaden 
vire  two  millimetres  in  diameter  and  three  metres  long,  fix  one 
end  of  it  firmly  to  the  ceiling,  and  fasten  an  index  to  the  otiier, 
it  will  he  found  that,  if  we  twist  the  wire  twiue  round  and  let 
it  go,  it  will,  after  a  number  of  oscillations,  come  to  rest  in  its 
original  position  ;  showing  that  the  elasticity  in  this  leaden  wire 
is  perfect  up  to  the  point  mentioned.  But  if  we  twist  the  wire 
four  times  instead  of  two,  it  will  not  return  to  its  fii-st  position, 
but  to  a  position  short  of  that  by  nearly  two  revolutions.  The 
particles  of  a  leaden  wire  of  this  length  and  thickness  will  bear 
a  displacement  measured  by  two  revolutions  of  the  index  ;  but 
the  displacement  occasioned  by  four  turns  is  more  than  its 
particles  can  bear,  and  they  remain  permanently  displaced, — 
tlie  wire  having  taken  what  is  technically  called  a  set.  So 
also,  a  thin  cylinder  of  pipe-clay  (which  is  generally  consid- 
ered as  destitute  of  elasticity  as  almost  any  substance  can  be) 
shows  the  existence  of  elasticity  as  perfect  as  can  be  found  in  the 
best-tempered  steel ;  but  here  again  the  limit  of  elasticity  is  soon 
reached.  A  steel  wire,  similar  to  tlie  lead  one  just  mentioned, 
might  be  twisted  a  great  many  times  before  its  particles  would 
receive  such  a  set  as  to  prevent  it  from  completely  untwisting 
again ;  but  after  it  had  been  twisted  a  certain  number  of  times, 
the  limit  of  its  elasticity  would  be  passed,  and  it  would  not  come 
to  rest  again  at  its  first  position. 

The  same  phenomena  appear  in  all  the  cases  we  have  studied. 
A  wire,  which,  when  stretched  by  a  light  weight,  will  resume  its 
original  length  wlien  the  weight  is  removed,  will  be  permanently 
lengthened  if  the  weight  exceeds  a  limited  amount.  So  also  & 
steel  spring,  if  bent  beyond  &  certain  point,  is  forced,  and  re- 
mains permanently  bent  to  a  greater  or  less  extent. 

It  is  a  remarkable  fact,  that  even  when  the  limit  of  elasticity 
has  been  exceeded,  so  that  the  particles  have  taken  a  permanent 
set,  the  elasticity  of  the  whole  mass  remains  the  same  as  before. 
Thus,  when  a  wire  has  been  permanently  lengthened  by  a  great 
strain,  it  is  as  perfectly  elastic  in  its  new  condition  as  before, 
readily  recovering  from  the  effects  of  smaller  degrees  of  exten- 
sion. So  also  it  was  found  by  Coulomb,  that,  after  he  had  given 
a  set  to  the  lead  wire  already  referred  to,  by  twisting  it  four 
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« round,  tlie  wire  vas  as  elastic  in  its  new  condition  as  Itc- 
,  requiring  the  same  force  to  give  it  a  further  twist,  and 
OTering  ilficlf  as  completely  when  tliat  force  was  withdrawn. 
The  limits  of  elasticity  have  been  determined  only  in  the  case 
of  tlic  elasticity  of  tension.  The  method  of  esperimonting  was 
to  tatco  wires  of  any  length,  but  whose  section  was  equal  to 
one  square  niillimeti-e,  and  to  determine  the  amount  of  weight 
wquirod  to  extend  them  permanently  0.05  m.  m.  for  each 
ni<'tro  of  length.  Tins  investigation  was  more  difficult  than 
»Duld  appear,  on  account  of  the  fact  that  tho  duration  of  the 
^r«in  lias  an  important  influence  on  the  permanent  elon^ration 
'hich  results  ;  for,  when  once  commenced,  this  elongation  slowly 
'Ocressen,  and  although  it  may  not  be  sensible  at  the  end  of  a  few 
•ninatea,  yet  after  several  hours  it  may  become  very  evident, 
^iis  principle  is  illustrated  by  the  well-known  facts,  tliat  the  best 
' '  nags  are  worn  out  with  long  use,  that  tlie  beams  of  floors  bend 
■ttie  by  liltlo,  and  that  buildings  settle  with  time.  The  limit  of 
elasticity  U  not,  therefore,  a  value  which  can  l>e  rigorously  do- 
t^tmned,  aad  hence  the  numbers  in  the  following  table  must  bo 
^Bjgsnled  as  only  approximate. 


Tia,    . 
fkld.. 

SilTPT, 

r..:,;.-r. 


IDrmwB. 
1  Dn«n. 


L-. 


0.26 
O.S0 
0.10 
0.M 
HjOO 


(loe.)  JSa*liritjf  ef  CnfitaU.  —  To   moM  ery^MSOm  t 
Qm  d:^ieity  it  not  tbe  eame  in  all  direction*,  u  ii  ■ 
aoT  cIe«Tige(110).    By  »  beMtifal  a 
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principles  of  acoustics,  Sovart  *  has  determined  in  a  feir  itt- 
Etances  the  difTereuces  of  elasticity  wliicb  the  same  crjEtali 
present,  vhcn  examined  on  different  lines  of  direction  wiib 
reference  to  their  crj-sttilline  axes.  As  neitlier  the  methods  not 
the  results  of  bis  investigations  could  be  made  intelligible  in 
this  connection,  ve  must  refer  the  student  to  ttie  memoirs  dted 
below.  These  differences  of  elasticity  in  crystals  pve  ri»e  to 
some  of  the  most  bcnutiful  phenomena  of  optics,  and  we  shall 
have  occasion  to  refer  to  the  subject  again  In  that  connection. 

(109.)  Collision  of  Elastic  Bodies.  —  Tlie  effects  of  collision, 
described  in  (41),  are  greatly  modified  when  the  bodies  are  ela*- 
tic,  and  in  a  way  wliich  it  is  ito^ 
portant  to  study.  Let  us  thesL 
suppose,  ill  order  to  make  I 
catm]  simple,  that  tlie  l 
two  elastic  spheres,  a  i 
Fig.  203.  with  different  r 
MmiAM',  which  a 
the  same  direction,  I 
right,  with  the  velocities  ll  and  O'  re- 
spectively, b  being  greater  than  b'. 
"When  tlie  balls  come  together,  they  will 
flatten  each  other  (Fig.  204),  until  the 
velocities  of  the  two  become  equal.  If 
the  bodies  are  soft,  this  flattening  will 
be  permanent,  and  the  balls  will  move 
on  together  with  a  velocity  which,  as  we  have  found,  [23, 

\\-  _  ^  ll  +  ^'  b' 

If  the  bodies,  on  the  contrary,  are  elastic,  and  the  limit  of  elas- 
ticity is  not  exceeded  during  the  impact,  we  have  the  same  restill 
as  before  up  to  the  moment  of  greatest  flattening,  and  at  that 
moment  the  velocity  is  b",  as  given  above.  But  after  this  moment 
a  new  set  of  phenomena  appears.  The  two  balls  thus  flatteiuiL, 
act  as  springs,  and  in  rcsnmiiig  their  original  form  impart  I 
locally  to  each  other  as  much  momentum  as  was  expends 
producing  the  compression.     At  the  moment  of  greatest  1 

*  Annnl«s  Ae  Chimie  et  de  Pbjnqne,  V  S£rie,  Tom.  XL.    AIm  DuMoof,  I 

de  Min^nk^e,  Tom.  I.  p.  389, 
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(mtaon,  it  is  evident  that  tlie  ball  a  has  lost  in  Tolooity  ail 
wuuunt  equal  to  b  —  b' ;  and,  oil  the  utlier  hand,  the  ball  b 
liw  i^ed  iu  velocity  au  amount  equal  to  b "  —  1)'.  In  rucuvup- 
ing  iu  Tdnn,  the  ball  b  tends  to  drive  a  to  tliu  K-ft,  and  tlioreforo 
to  nttird  its  motion  ;  and,  on  the  other  hand,  tho  ball  a  toudH  to 
tlirnv  6  forward,  and  therefore  to  accclcrato  its  motion.  Moro- 
fmt.  hj  the  principle  just  Etuled,  this  retardation  and  accclura> 
■ion  ritl  be  just  the  same  as  that  caused  between  tlia  first  contact 
of  tlie  balls  and  the  moment  of  greatest  comprcsBion.  Uonco, 
^■^T  the  impact,  the  Yclocity  of  a  will  ho  diminished  by  mi 
xnonul  erjual  to  2(b  —  v")t  &')<!  tliat  of  b  increased  by  au 
«aotint  equal  to  2  (b"  —  b')-  Representing,  then,  tho  vcloci- 
^u  lAer  tlie  impact  by  Uo  and  b>,  wc  have 

fc=b— 2(b— b"),  and  b,  =  b'  +  2(b"— b').  [to.] 

^ulitractiiig  the  second  of  theso  equations  from  the  first,  we  oIk 

hia 

b.  — b,  =  b'  — b.  [71.] 

TLb  equation  riiowi  that  the  difference  of  Telocity  ii  tho  aaiiu 

^■^kr  tbe  impact  tlial  it  was  before ;  but  the  relation  ha«  been  rfr 

^^Msd,  the  Tvlocity  of  a  being  now  less  than  tliat  of  b.     llcoca 

^^MUovr,  that,  aft<3r  the  impact,  the  two  baJU  will  roc«de  from 

^■■di  otbcr  as  rapidly  as  they  approached  each  oUier  before ;  and 

this  is  true  in   erery  case  of  the  impact  of  two  spheres,  when 

both  nn  perfectly  elastic.     In  order  to  find  tbe  avtual  velodtiea 

after  tm|Mct,  we  bare  only  to  substitale  ia  [70]  tbe  value  of  tK 

girBn  by  [23],  wben  we  obtain 

^h  —  (^—^^  to  +iSfly 
"•—  M+M' 

r'2.1 


la  <httuHng  ttese  nlae*,  w«  ban  <ffo«d  tfasl  faalb  haDa  w«M 
Bonsg  froa  left  to  ri^  lb*  wm  M.  whme  niaatf  it  lb* 
tbekA«ftbe«tber.  TW  imm  Cmxil*,  bmr* 
r,  bald  trae  far  aO  eaaea  «r  dirw«  imf^tt;  esuxfl  thai,  mtm 
ana  «r  Ifaa  balb  b  airfu*  (na  rirtrt  to  left,  (be  « va  af  iMJ ' 

II  _    iiij  '     A  few pirii  will  mmatau  flw  ■ 

rflb«l 
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Let  US  suppose,  then,  for  the  first  case,  that  the  masses  of  flu 
two  balls  are  equal,  and  that  the  ball  b  is  at  rest.  We  shall 
then  have  M'  =  ilf,  and  jb'  =s  0.  Substituting  these  Talues  in 
[72],  we  have 

Jbo  =  0,  and  bi  =  b.  [T8.] 

Hence,  after  the  impact,  the  ball  a  remains  at  rest,  and  the  ball 
b  moves  on  with  the  velocity  which  a  had  before  the  impact 

Let  us  suppose,  as  the  second  case,  that  the  masses  are  equal, 
and  tliat  the  motions  are  in  opposite  directions,  that  of  a  poo- 
tive,  and  that  of  b  negative.  We  shall  then  have  M'  =  JU*,  and 
tj'  =  —  b'.     Substituting,  we  obtain 

bo  =  —  !)',  and  lJt  =  b.  [74] 

Here,  after  the  impact,  the  ball  a  will  move  from  right  to  left 
with  the  previous  velocity  of  6,  and  b  will  move  from  left  to  right 
with  the  previous  velocity  of  a ;  and  in  general,  when  the  massti 
are  equal,  the  two  spheres  will  interchange  velocities. 

Let  us  suppose,  as  a  third  case,  that  the  velocities  are  equal,  and 
the  motions  in  opposite  directions,  as  before ;  and  further,  that 
the  mass  of  b  is  greater  than  tliat  of  a.  We  then  have  1)'  &= — 0, 
and  M'  [>  M.    Substituting,  we  obtain 

In  this  case,  after  the  impact,  the  ball  a  must  always  move  from 
right  to  left,  when,  as  supposed,  M'  >  JIf .  If  JIf'  <  8  Mj  the 
bsdl  6,  after  the  impact,  will  move  from  left  to  right.  If,  how- 
ever, Jf'  >  3  Jlf,  it  will  move  from  right  to  left.  When 
Jlf'  =  8  Jlf ,  we  have 

bo  =  2lj,  and  b,  =  0;  [76.] 

that  is,  the  ball  a  will  move  from  right  to  left  with  twice  its  pre- 
vious velocity,  and  the  ball  b  will  remain  at  rest. 

We  can  also  apply  the  formulae  to  the  case  where  an  elastic 
ball  strikes  vertically  on  a  fixed  obstacle,  as  when  an  India- 
rubber  ball  is  let  fall  on  the  ground.  In  this  case,  M'  =  oo, 
and  b'  =  0.  Substituting  these  values,  [72]  becomes  t)o  a= — 1) ; 
that  is,  the  body  moves,  after  impact,  with  the  same  velocity  as 
before,  but  in  an  opposite  direction.  Hence  the  India-rubber  ball 
should,  by  (22),  rebound  to  the  same  height  from  which  it  felL 
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not  prscticalljr  true,  because  the  em-face  on  which  it  falls 
ir  perfectly  elastic,  aud,  moruovor,  because  the  ball  does 
orer  promptly  from  the  compression- 
US  nest  suppose  that  the  sphere  strikes  the  o1>stacIe  in  an 
\  direction  (Fig.  205),  aud  that  its  velocity  at  the  momeut 
ibioii  b  represented  by  the 
S',  which    represents    al^ 
ction  of  the  motion.    Tliis 
is,  by  (24),  equivalent  to 
thcrs,  one  ia  a  direction 
'is  tangent  to  the  surface, 
4)09e  Telocity  at   the   tni>- 
ef   collision    is   represeut- 
the  liiHJ  I  c,  aud  another, 
is  iKimiat  to  the  surface, 
rbo!«  velocity  at   the   mo- 
'  collisiou  is  repreeciited 
line  ■  n'.     The  lines  t  c 
if  are  sides  of  a  parallelo- 

M*  whidi  i  a'  is  the  diagonal.  The  first  motion  irill  con- 
Slter  tlw  impact,  with  llie  same  velocity,  without  chau^ng 
The  second  motion,  as  we  have  jujtt  seen,  will  hi 
by  the  impact  into  a  motion  in  the  opposite  direction, 
tb  the  sune  vclociiy.  In  order  to  find  tlie  resulting  pstll 
city  of  the  ball  after  the  impai:t.  we  need  only  lo  combing 
ro  motioos.  For  this  purposi;,  we  have  already  drawn 
ie,  which  represents  the  velocity  and  the  dircclkin  of  tlw 
ipooent.  The  line  t  ■,  drawn  equal  to  the  line  i  n',  aud 
ite  directioa,  will  n^pre^rnt  the  velocity  and  dirvction 
aeeood  eoroponent.  Completing  the  parallelognus  and 
J  iu  diagonal,  we  fiud  that  the  body  mores,  after  the  tn^ 
Ae  (fireetion  ■  b,  with  a  velocity  r«pn»euted  by  tlie  len|^ 
Gm.  Moreover.  Nnce  tlie  parallelograms  e  n  aud  e  vf  are 
diagDoals  arv  b1m>  equal.  —  proving  Uiat  Oul  ttlorUf 
is  the  same  that  it  teas  be/ort.  PunJier,  *i 
I  the  «me  plane  aa  ■  «',  it  follows  that  the  diagrjf 
in  die  sane  plane,  which  chows  thai  aflrr  the  impact  I' 
et  imtke  temtt  plame  te  tekiek  it  mated  before. 
V,  fran  the  equality  of  Um  paiaUelormaa. 
I  and  s*  I  ■*  are  equal,  and  otnaeqaemiy  the  i 


200  CHEMICAL   PHYSICS. 

and  of  n  are  equal.  Tho  angle  a  i  n,  vliioli  llio  original  dircc- 
tion  of  the  motion  makca  vitli  tlio  normal  to  tlie  Eiirfaco  of  tin) 
fixed  obstacle,  is  called  the  angle  of  incidence ;  and  tho  uigla 
b  i  11,  formed  by  tlie  direction  of  tlio  motion  al'tor  impact  niili 
tills  normal,  is  called  the  angle  of  rejection.  Hence,  t&e  oTigU 
of  incidence  is  equal  to  the  angle  of  reflection. 

The  absolute  equality  of  tho  angles  of  incidence  and  rcfloclion 
is  only  realized  when  both  the  body  and  the  obstacle  are  pcrfccllj 
clastic.  When  tbia  U  not  tlie  case,  the  com[X)ueiit  i  n  i!>  less  than 
r  n\  and  hcuco  tlie  angle  bin  greater  than  a  in,  tlio  angle  of  n- 
flection  becoming  greater  in  proportion  to  tlie  deficiency  of  elni^ 
ticity ;  and  when  the  bodies  are  unelastic,  it  becomes  equal  to 
90°,  and  the  ball  moves,  after  the  impact,  in  tlio  direction  t  c. 
Compare  (41^. 

Finally,  let  ub  suppose  that  two  elastic  spheres,  A  and  B,  Fiff. 
206,  —  moving  in  the  same  plane  with  the  difToront  rclociticii  fc 
and  b',  —  meet  each  other  obliquely. 
In  order  to  find  the  directions  and  ve- 
locities of  Uioir  motions  after  impact, 
we  may  extend  the  method  adopted  in 
the  case  just  discussed.  We  fir^t  de- 
compose llio  velocity  of  A,  repre- 
sented by  the  line  bk,  into  two  com* 
ponents  at  right  angles  to  each  other, 
11  U^a,  and  n  y=^b.  In  like  man- 
ner, wc  decompose  the  velocity  oi  B 
^•^'^  into  two  components,  n  U'^a',  and 

nV  =  V.  It  is  now  evident  that  tho  effect  of  collision  will  not 
be  felt  in  the  directions  n  i/aiid  «  V,  since  the  balls  will  slide 
over  each  otticr  in  tlio  direction  of  these  components,  and  hence 
we  shall  obtain  for  tho  two  velocities  after  contact  in  tho  diree- 
tion  n  Hot  n  U'  two  quantities,  Ou  and  a,,  equal  to  a  and  a'  ro- 
spoctively.  It  is,  however,  entirely  dilferent  with  the  other  two 
components.  The  velocities  in  the  directions  Vn  and  Vn  are 
reversed  and  changed  by  the  collision,  and  we  tliercfore  soek  by 
(72)  what  will  be  the  velocities  after  the  collision  in  tlie  direc- 
tions n  V  for  A,  and  n  Vior  B,  and  obtain  two  quantities,  b,  and 
ii.  Lastly,  by  combining  together  on  the  principle  of  the  com- 
position of  velocities  the  components  a^  and  b^,  vn  shall  obtain 
tlie  final  direction  and  velocity  of  ^;  and  by  combining  fli  aiid 


THE  THREE  STATES  OP  MAITEB.  201 

61,  the  final  direction  and  velocity  of  B.  This  calculation  can 
easily  be  made  in  aiiy  special  caso,  and  does  not,  thereforG,  re- 
quire further  illustration.  When  the  masses  of  the  two  spiieres 
are  equa],  as  follows  from  ["■!].  they  exchange  Telocitioa  in  the 
directions  n  V  and  n  V,  and,  the  velocities  in  tlie  directionB 
n  U  and  n  U'  being  the  same  as  before,  the  calculation  then 
becomes  quite  simple. 

The  laws  of  the  collision  of  elastic  bodies  may  be  illustrated 
in  a  great  variety  of  ways  ;  but  tlie  best  of  all  illustrations  is 
found  in  the  game  of  billiards,  which  is  based  almost  entirely 
upon  them.  This  game  is  played  wilb  balls  of  ivory,  which  are 
in  themselves  elastic,  and  on  a  table  whose  raised  edges  arc  cov- 
ered with  elastic  cushions.  The  object  of  the  game  is  to  bit 
one  ball  with  another,  set  in  motion  with  a  slick  moved  by  the 
hand,  so  that  one  or  both  shall  afterwards  move  toward  a  certain 
point  or  points.  To  effect  this,  in  the  various  positions  of  the 
balls,  requires  an  empirical  knowledge  of  the  laws  of  the  col- 
lision of  elastic  bodies,  and  great  skill  in  their  application.  The 
results  obtained  in  this  game  do  not  conform  exactly  to  the 
ry,  on  account  of  the  imperfect  elasticity  of  the   balls  and 

ihions.  Thus  we  have  scon  [73]  that,  when  an  elastic  body 
unters  another  of  the  same  mass  at  rest,  the  last  is  set  in 
motion,  and  the  former  remains  stationary.  This  is  not  generally 
the  case  with  billiard-balls,  for  usually  both  balls  move  after 
the  impact ;  but  nevertheless,  when  the  stroke  is  very  sharp,  tliis 

lult  does  at  times  occur.  This  is  probably  owing  to  the  fact, 
friction  of  the  ball  on  the  cloth  covering  of  the  table, 
imperfect  elasticity  of  ivory,  and  otiier  causes  of  dii-turbancc, 
ive  Uie  least  influence  when  the  ball  is  moving  with  a  powerful 
force.  So  also,  when  the  ball  rebounds  from  the  elastic  cushion, 
the  angles  of  incidence  and  reflection  are  not  exactly  equal, 

ft  tliey  are  very  nearly  so  when  the  ball  is  driven  with  a 
ircrful  stroke. 
(110.)  When  a  rod  is  stretched  in  the  direction  of  its  length, 
with  a  gradually  increasing  force,  it  finally  breaks,  the  force  re- 
quired to  break  it  depending  on  the  substance  of  the  rod,  and  its 
size.     The  smallest  weight  required  to  part  it  is  tlie  measure  of 
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the  resistance  of  tlio  rod.  and  the  weight  required  to  part  &  n 

of  any  substance,  whose  section  is  equal  to  one  square  milhi&etr le, 

is  the  measure  of  tho  /enaci/ff  of  that  substance. 

The  resistance  to  rupture  can  he  conveniently  determined  ^Ki/ 
means  of  the  dynamometer,  represented  in  Fig.  207.     It  conaiMifc 


of  an  iron  frame,  P,  on  which  slide  two  carriages,  a  and  b.  Tho 
first  of  these  is  connected  with  a  powerful  spring,  contained  in 
tlie  bos  H.  Wlien  the  carriage  a  is  drawn  forward,  the  spring 
is  bent,  and  communicates  motion  to  the  index,  C,  which  moves 
ou  a  graduated  arc,  and  indicates  in  kilogrammes  the  inten- 
sity of  ttie  force.  Tho  second  carriage,  i,  is  united  with  thB 
frame  at  A  by  means  of  tho  screw  o,  and  may  be  moved  for- 
wards or  backwards  by  turning  the  handlo  M.  The  rest  of  the 
apparatus  consists  of  a  train  of  wlieels  and  pinions,  which  cot^ 
nect  tlio  spring  with  tho  fly-wheel  V,  and  prevent  it  from  1 
back  too  suddenly  when  tho  tension  is  removed. 

In  order  to  determine  the  resistance  to  rupture  of  a  gireip 
by  means  of  tliis  apparatus,  tlio  two  cuds  of  it  are  fastened  t 
carriages  by  means  of  tlie  vices  wliich  tlicy  carry.     The  hasdlo, 
M.  is  then  slowly  turned  until  the  wire  breaks,  when  the  noo^ih  ' , 
C,  indicates  in  kilogrammes  the  amouut  of  force  which  basi    ' 
duced  the  rupture. 

By  means  of  this  apparatus,  wo  can  easily  establish  tho  1 
of    llie    following   laws:  —  1,    The  force   required  to  j 
rupture  is  proporlio'iat  to  the  section  of  the  bar.     2.  it  if  | 
pendent  of  the  length  of  the  bar. 


ich  cou-    , 

dtflin 


^P  III  delermining  tlie  rosistanco  of  burs  to  rupture,  wo  nicot 

^Mth  tlte  same  diOicuUy  already  rofcrrcd  to  in  connection  willi 

^BD  detenni nation  of  the  limit  of  elasticity.     The  riiptiiro  is  not 

phased  bjT  tbo  action  of  a  constant  foruo.     As  soon  us  ihi;  Htrain 

HBeeods  Uic  limit  of  elasticity,  the  rod  elongates  little  by  little, 

^■H  particles  are  at  first  slowly  displaced,  but  finally  they  sud- 

HBoly  separate  and   tlio  rod   breaks ;  so  Uiat  a  moderate  force 

%^ifi)i<.Hl  for  n  long  time  will  frequently  cause  the  rupture  of  a  rod 

irliich  would  resist  a  much  greater  force  applied  for  a  short  time. 

This  eloir  diminution  of  tenacity  is  a  fact  to  which  it  is  essential 

to  pay  regard  in  the  construction  of  buildings. 

(lit.)  Teitacilff.  —  The  tenacity  of  a  substance  is  the  resist- 
ance to  rupture,  measured  in  kilogrammes,  which  a  rod  will  ex- 
ert, whoso  section  is  just  one  square  millimetre.  In  dctcrmiiitng 
tho  Umacity  of  eoUds,  we  may  obviously  experiment  on  rods  or 
wire  of  any  convenient  size,  the  area  of  whose  section  is  known, 
and  then  calculate  the  tenacity  by  the  principles  of  tlic  last  KO- 
tion.  The  tenacity  of  the  different  metals  differs  very  greatly, 
between  thai  of  lead,  in  which  it  is  very  feeble,  and  that  of  steel, 
which  has  tlie  greatest  tenacity  of  all,  as  will  be  seen  by  rcforrinK 
to  tl>o  table  on  page  li'5,  in  which  the  tenacity  of  the  uiteful 
raetab  is  given  at  the  side  of  the  numbers  expressing  tlie  limit 
of  elasticity.  It  will  also  be  noticed,  that  there  is  a  very  great 
diflerence  between  the  tenacity  of  the  same  substaneo  wliea 
drawn  Into  wire  and  when  annealed,  tt  being  greatcftt  in  Iha 
Gnt  condition.  Tlie  process  of  drawing  wire  will  bo  described 
la  (113).  Tbo  cliauge  of  fonn  which  it  produces  is  accompsr 
iiiod  by  anotlter  very  curious  result.  Altlw)U[^i  t)>s  partidai  of 
the  vira  are  really  less  close  together  after  the  opentioo  of 
drmtmg  than  ihoy  were  belbre,  yet  they  Itold  together  mm 
fimly,  so  that  the  tenacity  of  tlie  wire  is  greatly  inrraied. 
The  eolieston  oT  iron  is  iodvwed,  in  drawing,  lo  a  rcvjr  renArfc- 
oble  degrae,  m  that  fine  iron  wire  ie  tlte  most  teiMciou  of  ell 
insleriab.  **  Tlius  a  bar  one  taefa  sqaarv  of  the  best  ewl-Jran 
laxf  be  czteodod  by  a  vei^  of  Bine  tons  and  tbree  qmrten ; 
^  bv  of  the  sasie  nze  of  llie  hert  wrou^tt-lnm  wiO  swtaia  l 
Tci^t  of  thirty  toas ;  a  bvodle  of  wire*  one  tooth  of  an  inefa  In 
ItaMlKr,  of  neb  «be  w  lo  have  tin  saate  qnaatilf  of  i 
win  MStein  a  veigbt  of  bum  lUr^-«x  to  Curly  tons ; 
'      «  nan  fiady,  •«  «•  to  here  »  diaawtor  i 
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twentieth  or  one  thirtieth  of  an  inch,  a  bundle  containiug  the 
same  quantity  of  material  will  sustain  a  wei^t  of  from  sixty  to 
ninety  tons."  *  Hence  cables  made  of  fine  iron  wire  twisted  to- 
gether will  sustain  a  far  greater  weight  than  chains  containing 
the  same  quantity  of  iron.  The  cables  of  suspension  bridges  are 
usually  made  in  this  way. 

(112.)  Cleavage.  —  In  crystalline  bodies,  the  resbtanoe  to 
rupture  is  not  equally  great  in  all  directions.  Most  crystallized 
bodies  are  found  to  break  most  readily  in  certain  planes  affording 
a  more  or  less  smooth  fracture  or  cleayage,  whilci  if  they  are 
broken  in  any  other  direction,  the  fracture  is  rough  and  jagged. 
These  planes  are  called  planes  of  cleavage.  They  are  always 
parallel  either  to  actual  faces  on  the  crystal,  or  to  possible  faces. 
Cleavage  can  generally  be  reproduced  on  the  same  crystal  to  an 
indefinite  extent,  in  planes  parallel  to  each  other,  thus  dividing 
the  crystal  into  a  series  of  thin  laminss.  (Generally  the  same 
crystal  may  be  cleaved  in  several  directions,  and  the  union  of  the 
several  planes  of  cleavage  forms  what  is  called  a  solid  ofcleaih 
age,  which  is  constant  for  the  same  substance,  and  is  always  one 
of  the  simple  forms  of  the  system  to  which  the  crystal  belongs 
Compare  (93). 

Crystals  differ  very  greatly  from  each  other  in  the  facility  with 
which  they  may  be  cleaved.  In  some  cases,  the  laminae  can  be 
separated  by  the  fingers.  Tliis  is  the  case  with  mica  and  several 
other  minerals.  At  other  times,  a  slight  blow  of  the  hammer  is 
required,  as,  for  example,  with  galena  and  calc-spar ;  wliile  not 
unfrequently  cleavage  can  be  obtained  only  by  using  some  sliaip 
cutting-tool  and  a  hammer.  When  other  means  fail,  it  can  some- 
times be  effected  by  heating  the  crystal  and  immersing  it  while 
hot  in  cold  water.  When  cleavage  is  easily  obtained,  it  is  said  to 
be  eminent. 

In  crystals  of  the  Monometric  System,  cleavage  is  obtained 
with  equal  ease  in  the  direction  of  any  one  of  the  planes  of  cleav- 
age ;  but  in  crystals  of  the  other  systems,  cleavage  is  obtained 
with  equal  ease  only  in  planes  which  are  parallel  to  the  similar 
planes  of  the  crystal.  The  cubic  crystals  of  galena,  for  example, 
which  belong  to  the  Monometric  System,  may  be  cleaved  with  equal 
readiness  in  either  of  the  three  directions  which  are  parallel  to 


•  Carpenter'f  Hechmnkal  Philoaophj. 
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the  faccB  of  tlie  cube.  On  tho  other  hand,  tlio  crystals  of  gypsuin, 
whit:li  bcluiig  to  ttie  MunocUiiic  System,  may  be  clcarnd  willi 
great  facility  in  one  direction,  less  readily  in  a  socoud,  and  ojily 
with  some  difficulty  in  a  third ;  in  Uiick  crystals,  tho  lust  two 
oleAva^cs  are  scarcely  attainable. 

The  general  laws  with  respect  to  cloavof^  are  stated  by  I'ro- 
(or  Dana*  as  followa :  — 
[  X.  Clfavage  m  crystals  of  the  same  speciet  yields  the  tnme 
u  and  angles. 
Cleavage  it  obtained  with  equal  ease  or  diJftcuU;/  parallel 
ft  similar  faces,  and  tcHk  unequal  ease  or  di^culti/  parattel  to 
dissimilar  facet. 

3.  Cleavage  parallel  to  similar  planes  affords  planes  of  similar 
hutre  a»d  appearance,  and  the  converse. 

(118.)  DttClitity  and  MalUdfUU;/.  —  Some  substances  will 
Dot  ftllov  a  permanent  dif[ilac.cment  of  their  molecules,  and 
beak  whenever  tlie  strain  exceeds  tlie  limit  of  elasticity.  Hucli 
MbsUnoes  are  colled  brittle  bodies,  and  to  this  class  t^iloug 
iJaBS,  tempered  Bte«l,  marble,  sulphur,  and  many  others.  Tliore 
■re  other  eobstaoces,  on  the  contrary,  which,  when  submitted  to 
rarums  meduuiical  proceses,  allow  a  permanent  displacament, 
man  or  Icaa  considerable,  (tf  their  aioleeuie«,  which  thoo  tsaunw 
■tw  poritioos  of  equilibriuin.  This  property  is  poMesaed  in  ft 
Ugh  Aagmt  by  the  netala,  sad  ta  called  ductititg  or  malUabiiUj/, 
i>ACTtr4ing  aa  it  is  applied  m  drawii^  out  wire,  or  in  reducing 
the  metal  lo  iheets  and  Icstm  ia  a  rolUng-f&ill  or  under  tba 


4 


The  raarhiiMi  for  drawing  wir«  eawbta  eaMatJall/  of  a  plat* 
of  bardaDad  Meal  piarced  with  a  nnmlaa  of  cooieal  holM  of  diA 
fetvot  itta.  Throtigh  one  af  Ifaeas  holes  k  pasaed  the  end  of  a 
meuBJe  rod,  which  baa  been  ledoeed  in  mt  fat  the  porpoM. 
Thia  «m1  ta  than  Kiaed  nlh  a  pair  of  pGera  and  pvUed  with  can- 
■denMeAne.  Is  heiag  Am  faned  throng  the  bole,  fbe  rod 
huiiiiars  leaglhened.  aad  dJiBiwiJiiid  ta  nae.  Il  la  Ihea  pawed 
ie  Bhi  BaDser  thnwgh  a  anHlkr  bale,  and  (bw  maaa^nOr, 
BBlil  the  wire  ia  ndneed  to  fhe  inahiM  ftnoHM.  P%.  OT 
■  a  npraantabon  af  «  ■>  and  ArdMnlif  vwwfre.  The 
1  Ittm  Ibe  real  J 
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passed  tlio  drawing-p}ate  A  B,  is  received  on  tlio  dntm  <  

which  tho  force  is  applied  through  the  cog-wheels  r  p,  n  q  (m 
Fig.  209). 

Id  order  that  a  Eubstance  should  read-^ 
\\j  yield  to  this  mechanical  acUon,  it  i* 
evidently  essential,  not  only  that  its  par- 
ticles should  have  the  power  of  readily 
changing  their  position,  but  also  that  i( 
slionld  be  endowed  with  great  tenacity. 
Hence  those  metals  whose  particles  ad- 
mit most  readily  of  change  of  position 
are  not  necessarily  the  most  ductile. 

A  rolling-mill  consists  of  two  st«l 
rollers,  arranged  as  represented  in  Fig. 
210,  so  that  their  distance  apiart  c«ii  be 
varied  at  pleasure,  and  so  that  they  mar 
be  turned  together  in  unison,  but  in  op- 
posite directions.  The  plate  of  metal  is 
applied  between  the  two  rollers,  and  is  forced  to  accommodate  its 
thickness  to  the  distance  between  them,  which  is  adjusted  so  as 
to  be  a  little  less  than  the  tliickncss  of  tlie  plate.  This  distance 
may  then  be  diminished,  and  the  process  repeated  until  tlie  thick- 
ness of  the  plato  is  reduced  to  the  desired  amount. 

Many  of  the  metals  can  bo  reduced  to  leaves  of  exceeding  te- 
nuity under  the  hammer.     It  is  in  this  way  that  the  gold 
used  in  gilding  is  prepared.    The  gold  plate  is  first  reduct 
a  rolling-mill  to  the  thickness  of  about  one  milUmetro.     Sel 


Fig.  are. 
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^'  Uioeo  (.ULv=-.t  ..L.^  j;iled  on  each  other,  and  spread  out  by 
^*ting  the  pile  with  a  heavy  mallet  until  they  arc  reduoeii  to 
y»«  thickness  of  a  sheet  of  paper.  The  leavea  arc  next  separated 
'•^Sii  each  other  by  sheets  of  paper,  and  the  pile  beaten  again. 
*^ia»Dy,  the  sheet*  of  paper  are  replaced  by  otiiers  made  of  gold- 
''CUerR*  skin.  In  litis,  as  in  all  similar  procosscf,  the  metal  be- 
^^mes  brittle,  and  would  iufallibly  break  or  tear  were  it  not 
'Hqttontly  rcannealed.  The  process  of  annealing  conxiiitfl  in 
lieating  the  substance  to  a  high  temperature,  and  then  allow- 
ic^  it  lo  cool  Tery  slowly. 

The  rdatire  malleability  of  the  metals  U  not  the  ramo  when 
-umnend  as  when  rolled,  and  the  diScrence  appears  to  ariM 
irooi  ibe  eudden  chocks  wluch  aceonipuiy  the  blows  of  tlto  ham- 
mer. Id  the  foilowiRg  table,  the  rdatlre  malleability  of  lh« 
(trefal  toetals  by  both  methods  is  givea  side  by  itde,  togetlier 
nth  the  reUtirc  tenacity  and  doetflity.  A  compariaon  of  lh« 
■  will  illustruie  what  fau  been  stated  above. 
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very  malleable  at  a  red  heat,  and  in  this  condition  it  can  be  read- 
ily forged  or  rolled  into  sliects.  Glass,  again,  which  is  brittle  at 
tho  ordinary  temperature,  is  both  malleable  and  ductile  to  tJie 
highest  degree  at  a  red  heat.  Copper,  on  the  other  hand,  is  most 
malleable  when  cold,  and  zinc  cannot  be  rolled  out  with  success 
except  between  the  temperatures  of  130"  and  loO"  C.  Above 
this  last  temperature,  it  becomes  very  brittle. 

The  malleable  metals  arc  capable  of  receiving  impressions  from 
blows  ;  a  property  which  is  continually  made  use  of  iu  various 
processes  of  the  arts.  The  processes  of  stamping  coins  and  em- 
bossing figures  on  surfaces  of  various  kinds  are  an  illustration  of 
the  fact.  The  impression  is  made  by  means  of  a  die,  iu  which  the 
design  is  sunk,  just  as  the  raised  impression  which  tho  wax  is  to 
present  is  sunk  in  the  seal.  The  die,  which  is  made  of  the  hardest 
steel,  is  forced  down  upon  the  blank  coin  by  means  of  a  powerful 
Bcrew  or  lever,  and  the  metal  of  the  coin,  being  comparatively 
soft,  is  driven  with  great  force  into  the  cavities  of  the  die,  and 
retains  the  impression. 


Hardness. 


(114.)  Scale  of  Hardness.  —  Hardness  is  the  reBistance  whii 
bodies  oppose  to  being  scratched  or  worn  by  other  bodies.  Of 
two  substances,  that  one  is  said  to  bo  the  hardest  which  will 
scratch  the  -other.  Tho  hardness  of  a  body  is  closely  related 
to  its  ductility  and  tenacity,  all  circumstances  which  increa^ 
tho  ductility  or  diminish  tlie  tenacity  rendering  the  body  softer, 
and  the  reverse.  In  order  to  distinguish  a  harder  body  from  a 
softer,  we  either  attempt  to  scratch  the  one  with  the  oilier,  or  we 
try  each  with  a  file.  The  last  method  is  generally  to  be  pre- 
ferred ;  but  both  should  be  employed  when  practicable,  since 
some  bodies  "  give  a  low  hardness  under  thejile,  owing  cither  to 
impurities  or  imperfect  aggregation  of  the  particles,  while  they 
scratch  a  harder  species, — showing  that  the  particles  are  hard, 
although  loosely  aggregated."  ■ 

Hardness  is  an  important  character  of  a  substance,  and  is 
much  used  by  mineralogists  as  a  means  of  distinguishing  between 
mineral  species.  In  order  to  fix  a  common  standard  of  compari- 
son, tho  distinguished  German  mineralogist,  Mohs,  introduced  a 
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scale  of  liardness.  This  scale  consisted  of  ten  minerals,  wliicli 
gradually  iacreoso  in  liiirdnoss,  marked  from  1  to  10.  It  has 
beeu  siuce  modified  by  Breithaupt,  who  has  introduced  two  ad- 
ditional degrees  of  hardness,  oiie  between  2  and  3,  tlio  other 
botweea  5  aud  6,  as  these  intervals  were  larger  than  the  rest. 
TUe  numbers  of  Mohs,  however,  have  boon  retained.  The  scale 
is  as  follows  :  — 

1,     Talc ;  common  laminated,  light-green  variety. 

^L        2.     Gypsum ;  a  crystallized  variety. 

^^^        2.5.  Mica ;  variety  from  Zinnwald. 

^^L       3>     Calciie ;  transparent  variety. 

^H        4.     i^/uar-£/)ar,' crystalline  variety, 

^B         5.     Apatite;  transparent  variety. 

^^K        5.5.  Scapoiite ;  crystaltine  variety. 

^B        6.     Ftlspar  (orthoclase)  ;  white,  cleaTable  variety. 

^H         7.     Quartz;  transparent. 

^r         8.     Topaz;  transparent. 

9.  Sapphire;  oleavable  varieties. 
10,  Diamond. 
In  determining  the  hardness  of  a  mineral,  we  draw  a  file  over 
it  with  considerable  pressure.  If  the  file  abrades  the  mineral 
with  the  same  ease  as  No.  4,  and  produces  an  equal  depth  of 
abrasion  with  the  same  force,  the  hardness  is  said  to  bo  4  ;  if  less 
readily  than  4,  but  more  readily  than  5,  it  is  said  to  be  between 
4  and  5  (written  4  —  5)  ;  or  we  may  deternune  it  with  more  accu- 
racy as  4.25  or  4.50.  Several  successive  trials  should  be  made, 
in  order  to  insure  accuracy,  and  the  student  should  practise  him- 
self in  the  use  of  the  file  with  specimens  of  known  hardness, 
until  lie  can  obtain  constant  results.' 

(115.)  Sclerometer. — In  testing  the  hardness  of  the  dissim- 
ilar faces  of  the  crystal,  very  marked  differences  are  frequently 
observed.  Differences  may  also  be  perceived  on  the  same  face 
when  examined  in  different  directions.  For  the  purpose  of 
measuring  with  great  accuracy  the  difFerences  in  hardness  which 
the  faces  of  a  crystal  present,  an  apparatus  has  been  contrived 
by  Grailichf  and   Pekarck,  called   a   sclerometer.      It  consists 

*  Boxe*  containing  [ho  twelve  miDcrBts  of  the  Mohf  gcale  c&n  be  procored  from 
the  Aetien  in  philmophicaJ  nppuratna. 

t  Sitiani^herichte  der  maLbem.-natnrv.  Cluie  der  luls.  Ak&d.  der  WtMen.,  (Wien, 
IBM.)  BuldXlU.  1.410. 
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essentiallj  of  a  hard  steel  point  attached  to  the  under  tide,  at 
Olio  end,  of  a  balance  beam,  which  ia  carefully  pobcd  on  itt 
knife-edge.  Above  tlie  point,  and  on  the  uppor  side  of  the  beun. 
tliere  is  a  pan  to  receive  weights,  by  which  the  steel  jwiiiit  maj 
bo  pressed  down  upon  tlie  face  of  a  crystal  willi  a  reguUUii 
force.  At  the  other  end  of  the  beam  there  is  fastened  a  fpirit 
level,  and  the  whole  Is  so  adjusted  tliat  the  beam  —  with  tlif 
point  Olid  pan  at  one  end,  and  with  the  spirit-level  at  tlie  otiicr 
—  is  just  in  equilibrium. 

By  means  of  the  sclcrometcr,  it  appears,  for  example,  tlial  Uio 
rhomboliedral  faces  of  crystals  of  calcite,  r  (Fig.  211 ),  iire  noflur 


than  the  end  faces,  a.  It  has  also  been  found  that  tlie  Imrdues 
is  not  the  same  in  all  directions  on  the  rhomboliedral  face.  Prtim 
a  series  of  determinations  made  by  Grailich  and  Pekarek  with 
their  scleromcter,  it  appears  that  the  greatest  hardness  is  in  tli« 
direction  of  the  shorter  diagonal  of  the  face,  from  C  to  £  (,Fig. 
212),  and  the  least  hardness  in  the  opposite  direction,  from  J 
C  on  the  same  diagonal.  The  weights  required  in  the  pan  | 
the  hard  point,  in  order  to  Gcratch  the  face  in  rarious  dim 
were  as  follows :  — 


Wtlcfat. 

285  centigrammes.  I 
250  « 


'  Shorter  diagonal  from  C  to  E, 

'"  Perpendicular  to  edge  ar, 

°  Parallel  to  edge  z, 

1°  Longer  diagonal  from  E  lo  C, 

•"  Parallel  to  edge  x, 

"  Perpendicular  lo  edge  r, 

i'  Shorler  diagonal  from  E  lo  O, 

B  numbers  are  iu  each  case  the  mean  of  several  ol 


tions.     Similar  diHerencos  have  been  observed  o 


1  large  n 


>  TheM  uiglcn  am  thoie  mide  b^  tbo  gireo  direction  with  the  thoncr  dit^ 
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of  other  crystals,  and  they  lead  to  the  following  general  con- 
clusions :  — 

1.  That  the  hardest  planes  of  a  crystal  are  those  which  are 
perpendicular  to  the  plane  of  most  perfect  cleavage.* 

2.  That  on  a  given  plane  the  direction  of  greatest  hardness  is 
tliat  which  is  moat   inclined   to   tlie  direction  of  most  perfect 


(116.)  Annealing  and  Tempering',  —  The  hardness  of  many 
suhstauces  may  be  greatly  modified  by  the  action  of  heat,  and  by 
various  mechanical  processes.  The  effects  of  change  of  tomperar 
ture  in  varying  the  degree  of  hardness  are  most  important  in  re- 
gard to  steel,  since  it  is  on  tins  influence  that  tlio  application  of 
steel  to  so  great  a  variety  of  nseful  purposes  depends.  If  steel 
is  heated  to  a  red  heat,  and  then  very  slowly  cooled,  it  becomes 
ductile,  flexible,  soft,  and  comparatively  unclastic*  Tliis  pro- 
cess is  called  annealing;  and,  when  thus  annealed,  steel  can  read- 
ily be  drawn  into  wire,  rolled  into  sheets,  or  manufactured  into 
its  numerous  useful  forms.  If,  however,  the  articles  thus  manu- 
factured are  heated  to  a  white  heat,  and  then  suddenly  cooled  by 
plunging  them  into  water  or  mercury,  the  steel  becomes  very 
hard,  brittle,  highly  elastic,  and  less  dense. 

In  its  state  of  greatest  hardness,  steel  is  scarcely  fit  for  any 
purposes  in  the  arts,  since  it  is  so  brittle  that  its  points  or  edges 
are  broken  by  a  very  slight  resistance.  But  by  reheating  it  to  a 
lower  temperature,  and  then  slowly  cooling  it,  this  extreme 
hardness  may  be  reduced,  and  the  flexibility  of  the  steel  propor- 
tionally increased.  The  amount  of  the  reduction  is  greater,  the 
higher  the  temperature  to  which  the  articles  are  heated,  and  if 
heated  to  a  red  heat,  they  again  become  soft. 

This  process  of  reheating  is  termed  letting'  down  or  tempering; 

and  the  workman  is  guided  to  the  effects  he  wishes  to  produce  by 

the  changes  of  color  which  the  surface  of  polished  steel  exhibits 

at  different  temperatures.     The  tints  which  correspond  approii- 

matively  to  the  different  temperatures  are  as  follows  :  — 

Light  slrnw,       220°         Violet-yellow,  265'         Blue,  293' 

Golden-yellow,  230"'         Purple-violet,  277'"         Deep  Blue,  SI?" 

Orange-yellow,  240°         Feeble  blue,     288°         Sea-green,    330° 


•  Lehrboch  der  Kryswilographie  voo  Miller  iibenctit  nnd  erweitert  dorch  Dr.  J. 
CMIich,  (Wien,  1BB6,}  SetU  SS9. 


212  CHEBUCAL  PHTBICS. 

The  hardest  steel  is  used  for  little  else  than  the  making  of  dies 
for  coining.     The  steel  of  the  hardest  files  is  but  little  let  down. 
The  first  shade  of  yellow  indicates  that  the  reheating  has  been 
carried  sufficiently  far  for  lancet  and  other  small  surgeons'  instnh 
ments,  on  which  the  keenest  edge  is  required.    Razor  and  pen- 
knife blades  are  heated  until  they  exhibit  a  light  straw-color. 
Scissors,  shears,  and  chisels,  in  which  a  greater  tenacity  is  required, 
are  tempered  at  the  first  shade  of  orange.    Table  cutlery,  in  whidi 
flexibility  is  more  desirable  than  the  hardness,  which  would  give  ft 
fine  but  brittle  edge,  are  heated  to  the  yiolet    Watch-springs  are 
heated  to  a  full  blue,  and  coach-springs  to  a  deep  blue.    In  many 
manufactories  the  temper  is  given  by  immersing  the  hardened 
steel  articles  in  a  bath  of  mercury  or  oil,  the  heat  of  which  can 
be  exactly  regulated  by  a  thermometer.     The  bath  is  heated  np 
to  the  required  temperature,  and  then  allowed  to  cool  slowly. 
In  this  way,  any  number  of  articles  which  are  to  receive  the 
same  temper  may  be  equably  heated  and  gradually  cooled. 

Most  other  metals  are  acted  upon  by  heat  and  cold  in  somo* 
what  the  same  manner,  although  to  a  much  less  degree.  Copper, 
however,  is  a  remarkable  exception  to  the  rule,  its  properties 
being  exactly  the  reverse  of  those  of  steel ;  for  when  cooled 
slowly  it  becomes  hard  and  brittle,  but  when  cooled  rapidly,  soft 
and  malleable.  This  same  property  is  possessed  to  a  still  higher 
degree  by  bronze j  which  is  an  alloy  of  copper  and  tin. 

Glass  undergoes,  from  the  action  of  heat  and  cold,  the  same 
changes  as  steel.  When  heated  to  a  red  heat,  and  suddenly 
cooled,  it  becomes  more  brittle,  harder,  and  less  dense  than  in  its 
annealed  condition.  When  a  glass  vessel  is  first  blown,  it  cools 
rapidly  and  irregularly,  and  the  varying  hardness  of  its  different 
parts  gives  to  it  such  a  degree  of  brittleness^  that  the  slightest 
shock  or  a  small  change  of  temperature  would  break  it.  In 
order  to  prevent  this,  it  is  annealed,  by  passing  it  through  a  long 
furnace,  of  which  the  heat  is  very  great  at  one  end  and  slowly 
diminishes  towards  the  other,  and  it  is  thus  cooled  gradually  md 
equably. 

^         The  properties  of  unannealed  glass  are  illustnted 

y^       by  Prince  Rupert's  drops.    These  are  made  \jj 
/I  ping  melted  glass  into  water,  which  of  oonzi^ 

Ll.  them  suddenly,  and  gives  to  the  glass  a  V*' 

ng  sia.       hardness  and  a  proportionate  brittleneii- 
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I  OT«l  form,  tapering  to  &  point  at  one  end  (Fig.  213).     The 

Iby  of  Ifie  drop  is  so  bard  tliat  it  will  bear  a  smart  stroke ;  but 

ia  portioa  be  broken  ofT  from  the  small  end,  the  whole  immfr 

tely  flies  into  minute  particles  witbit  loud  snap. 

riie  cause  of  the  changes  in  hardness  produced  hy  the  action 

[  heat  has  not  been  as  yet  satisfactorily  explained.     The  expla- 

tioD  usually  given  is  this.     When  a  bar  of  steel  highly  heated, 

I  hoocc  greatly  expanded,  is  immersed  in  cold  water,  the  ex- 

rior  layers  suddenly  contract,  and  are  compelled  to  adapt  tbem- 

mtee,  by  a  permaucut  displacement  of  their  molecules,  to  the 

,  which  is  still  in  an  expanded  state  within.     Subsequently, 

1  Uie  interior  of  ibe  mass  cools,  its  particles  cannot  approach 

1  other  freely,  because  they  are  more  or  less  united  to  the  ex- 

nal  crust,  which  has  been  already  fixed  in  position.     Hence, 

tht^M  particles  remain  in  a  state  of  tension,  and  this  is  supposed 

to  gire  rise  to  the  [teculiar  change  of  properties. 

Were  tliis  explanation  correct,  the  efTccla  of  a  sudden  change 
of  temperature  ought  to  be  greatest  on  thick  bars  of  steel,  but  in 
bet  Llie  rererse  is  the  case.  The  change  is  most  probably  con- 
nected with  the  phenomena  of  dimorphism  (98),  but  in  what  way 
15  not  yet  understood. 

Most  metals  are  hardened,  not  only  by  sudden  cooling,  but  also 
by  such  mechanical  processes  as  tend  to  condense  them  permar 
Deutly,  and  thus  Increase  their  density.  The  processes  of  stamp- 
ing coin,  of  wire-drawing,  of  rolling  out  metallic  plates,  and  of 
hammering,  are  all  cTideutly  of  this  nature.  This  change  is 
usually  called  hammtr-hardening,  and  its  effects  are  the  same  on 
almost  all  ductile  bodies.  They  become  denser,  more  tenacious, 
harder,  more  brittle,  and  more  elastic.  All  these  cBects  can  be 
remored  by  annealing;  and  hence  the  necessity  of  continually 
iMiiiMinlinjT  the  metals,  during  the  processes  just  mentioned. 


ritOBLEMS. 

£IaiCieilg  of  Tention, 

.  A  roctan^lnr  iron  bar  2  m.  in  len^h,  and  whose  section  is  equal 

■  c-n-',  it  su^fn-nded  by  its  upper  estremiiy  to  b.  firm  support,  and  lo 

r  rxiremliv  i-  Hiiikclicd  a  weii^hl  of  1,000  kilog.     How  much  is  it 

iPy  I  I  i  I        '  -  ^trnin,  when  the  lemperaiure  is  15"? 

m.  in  diameter  and  2.25  m.  in  length  is 
impte.     How  much  weight  is  required  lo  cloD- 

~  Bfclfi'? 
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93.  A  silver  wire  0.75  m.  m.  in  diameter  and  5  m.  long  is  ekogated  bj 

a  weight  0.25  m.  m.     How  great  is  this  weight  when  the  temperature  ii 

15**? 

Tenaciiif, 

94.  With  how  much  weight  in  kilogranmies  most  a  copper  wire  be 
loaded,  in  order  to  part  it,  when  the  diameter  of  the  wire  is  equsl  to 
1  m.  m.  ?    Calculate  both  for  annealed  and  unannealed  wire. 

95.  In  a  pendulum  experiment,  it  is  required  to  suspend  a  weight  d 
50  iLilog.  by  a  copper  wire.  What  must  be  the  diameter  of  the  wire^ 
allowing  -^  for  security  beyond  the  diameter  absolutely  essential  ?  Cil' 
culate  both  for  annealed  and  unannealed  wire. 

ColUnan  of  Perfectly  Ekutxc  Bodies. 

In  thefoHomny  problems  marked  with  a(*)^ihe  masses  and  velocities  of  the  tieo  ftoffi  «* 
indicated  as  described  in  (109).  The  motion  is  from  left  to  right,  unless  the  reverse  is  itSr 
eated  by  a  negative  sign.  In  each  probfem  it  is  required  to  find  the  velocities  of  the  two  hA 
after  the  impact,  and  also  the  direction  of  the  motion. 


♦96. 

if  —  6. 

b  =-  dm. 

M'  —  17. 

b'  —  1  m. 

♦97. 

3f^  10. 

b  »  5  m. 

M'  —  20. 

b'  —  2.5  m. 

♦98. 

M^  10. 

b  »  10  m. 

M'  —  100. 

b'  — Om. 

♦99. 

if —  20. 

b  —  10  m. 

M'  —  10. 

t)  ,«_5m. 

♦100. 

M^  15. 

b  =  16  m. 

M'  —  10. 

i)'  -._32m. 

101.  A  ball  whose  mass  is  M,  with  a  velocity  v,  meets  a  sec<md  bsU 
moving  in  the  same  direction,  whose  mass  is  M*.  What  must  be  the 
velocity  of  the  second  ball,  when  the  first  ball  remains  at  rest  after  the 
collision  ? 

102.  A  ball  strikes  on  a  plane  making  an  angle  of  incidence  equal  to 
60^.  What  will  be  the  angle  of  reflection  when,  in  consequence  of  the 
imperfection  of  the  elasticity  both  of  the  plane  and  the  body,  one  third  of 
the  vertical  velocity  is  lost  by  the  impact  ?  Solve  the  same  problem,  sup- 
posing that  one  fourth  of  the  velocity  is  lost. 

103.  An  elastic  ball  falls  from  the  height  of  2  m.  How  high  will  it  re- 
bound, supposing  that  one  fifth  of  the  final  velocity  is  lost  at  the  impact,  in 
consequence  of  imperfect  elasticity  ? 

104.  Two  perfectly  elastic  balls,  moving  in  the  same  plane,  meet  each 
other  obliquely.  The  angles  made  by  the  two  directions  of  their  motions 
with  the  line  n  17  (Fig.  206),  Ijing  in  the  same  plane  and  tangent  to  both 
balls  at  the  point  of  contact,  are  a  -»  60^  and  p  »>  30^.  The  masses 
are  if  »>  10  and  M''^  5  ;  the  velocities  are  t)  —^  2.5  and  Jb' »«  5. '  li 
is  required  to  find  the  velocities  of  the  two  balls  afler  collision,  and  the 
angles  which  the  directions  of  their  motions  make  with  the  given  line. 

105.  Solve  the  same  problem  for  the  following  values :  — 

o  —  40^     fi  —  30^     if  —  5.     if  —  10.     b  —  4  m.     b'  —  6  n. 
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n.  Characteristic  Propfhities  of  Liooids. 

|.<1 17.)  McchanKtU  Condition  of  Liqvidt.  Fluiditi/.  —  Tho 
nifl  has  not,  like  the  eotid  (79),  a  definite  form ;  but  it  takca 
>  form  of  the  vessel  ia  which  it  is  placed.  Its  paiticles  arc  in 
mndiUon  of  cqttilibrium  hotwccn  the  attractive  and  repulsive 
tet  (78),  *nd  iDstcad  of  beiiig  bound  together,  aa  in  u  Golid, 
ley  iKMBGES  a.  perfect  freedom  of  moltoii ;  and  under  the  iuflu- 
e  of  the  slightest  force,  the;  move  among  each  other  without 
[ctioD  and  without  disturbing  the  geneml  equilibrium.  This 
Bchaoical  condition  of  matter  is  termed  yfuiViV//,  and  belongs 
loth  to  liquids  and  gases.  Liquids  arc  not,  however,  perfect 
fiuids,  for  there  always  exists  between  their  particles  a  certain 
amount  uf  adhesion,  owing  to  au  excess  ot  attractive  forc^  which 
rciidi^rs  tliem  more  or  less  viscous.  Between  an  almost  perfect 
Huid,  like  water,  and  a  condition  like  dough,  we  have  every  grade 
of  fiuidily.  This  is  illustrated  by  the  well-known  series  of  or-  - 
gaoic  acids,  commencing  with  formic  acid  and  ending  with  me- 
linic  acid.  The  series  consists  of  over  twenty, members,  and  pre- 
teiits  cTcry  grade  of  condition.  Formic  acid  is  as  fluid  as  water  ; 
but  H3  we  descend  in  the  series,  the  numbers  are  found  to  be 
more  and  moro  viscous,  becoming  first  oily,  then  soft  fats,  next 
bud  fats,  and  finally  solids,  like  wax. 

fc(118.)  Elasticity  of  Liquids.  —  It  has  already  heen  stated 
■6),  that  liquids  are  compressible,  and,  moreover,  that  they  re- 
uxactly  their  origiual  volume  as  soon  as  the  pressure  by 
hidi  tliis  was  diminished  is  removed.  It  follows  from  these 
i,  tliut  liquids  are  perfectly  elastic,  and  that  this  elasticity  is 
Blimilvd  in  extent. 
|]u  the  early  experiments  on  compressihility  made  by  Oersted, 
med  that  tho  capacity  of  the  bulb  A,  of  the  appara- 
I  alraady  described  (Fig.  214),  remained  invariable.  Tins  as- 
mptioii  was  based  on  the  fact,  that  the  walls  of  this  reservoir 
I  equally  pressed  by  the  fluid  on  both  sides.  It  is  easy, 
■erer,  to  see  that  this  assumption  is  incorrect ;  for  if  we 
}  tl»t  interior  of  the  bulb  to  be  filled  with  solid  glass,  it  is 
,  that  the  volume  of  tho  interior  core,  and  hence  that  of 
•  bulb,  would  be  diminished  by  the  exact  amount  that  this 
glan  core  would  be  compressed  by  the  given  pressure.  In  such 
a  case,  llic  pressure  ou  the  exterior  surface  of  the  bulb  would  be 
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exactly  balanced  by  Uie  reaction  of  the  glass  core.  If,  now,  the 
place  of  tlio  glass  core  is  supplied  by  water,  the  pressure  on  the 
exterior  stirface  reniaiuiug  the  same,  it  is  evident  that  tbe  reac- 
tion of  the  water  core  must  he  exactly  the  same  as  that  exerted 
by  the  glass  core  ;  for  otherwise  the  law  of  action  and  reacliuo 
(41)  would  not  be  obeyed.  The  conditions,  then,  with  res{iectto 
the  bulb,  are  not  changed,  and  it  is  evident  that  its  volume  will 
be  just  as  much  reduced  wlion  filled  witli  water  as  when  filled 
with  glass ;  that  is,  by  the  amount  to  which  a  glass  core  just  fiU- 
ing  it  would  be  compressed  by  the  giveu  force. 

It  follows  from  tins,  that  the  apparent  condensation  of  any  fluid 
under  a  given  pressure,  when  determined  by  llic  apparatus  rq>re- 
sented  in  Fig.  '214,  is  not  so  great  as  the 
real  condensation,  and  that  it  is  neces- 
sary  to  correct  the  determinatious  thus 
made  by  adding  to  thoobserved  coinpres- 
sion  an  amount  equal  to  tlic  compres- 
sion, under  a  given  pressure,  of  a  gl&sa 
core  which  would  just  fill  the  interior 
of  the  bulb.  This  amotuit  can  in  any 
case  be  calculated  from  data  ftiniishiil 
by  experiments  on  tbe  elongation  of 
glass  rods  by  tension,  since,  according 
to  M.  Werthcim,  the  diminution,  under 
a  given  pressure,  of  one  cuImo  cen- 
timetre of  glass,  in  fractions  of  a  cubio 
centimetre,  is  just  equal  to  tlio  olongSr 
tion  of  a  glass  rod  ono  centimetre  long, 
iu  fractions  of  a  centimetre,  und«r  Ku 
equivalent  tension.  M.  Graasi  baa 
carefully  redetermined  tlie  comprcsa- 
bility  of  several  liquids,  making  use  of 
an  improved  apparatus  contrived  by 
Regnault,  and  correcting  liis  obsorvft* 
tions  for  the  compressibility  of  tlie  reservoir  used  according  to  tlw 
formulae  of  Wertheim.  He  has  also  studied  tbe  influenco  of  a 
variation  of  temperature  on  the  compressibility,  as  well  as  tlifl 
influence  of  different  pressures.  The  most  important  results  c 
tained  by  M.  Grassi  are  given  in  the  following  table.  In  ( 
case,  the  numbers  expressing  the  compressibility  of  a  I 
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iu^cate  the  fraction  of  its  Tolume  by  .which  it  is  condensed  when 
nbmtted  to  a  pressure  of  ooe  atmosphere. 

TaUt  efA»  a>tffieUnU  of  CompninUUly* 


l4«r-,f«ai  which 

0.0 
0.0 

0.00000293 
0.0000503 

1.5 

4.1 

0.000051S 
0.0000)99 

" 

10.8 

0.0000180 

■  .■ . 

13.4 
18.0 

25Jt 

0.0000477 
0.0000)68 
0.0000460 
0.0000)56 

S4.5 

0.0000453 

" 

43 

0 

0.0000)42 

Bta,      '  .    ' 

S3 
0 
0 

14 

0 
0 
0 
0 

0.0000)41 
O.OOOIII 
0.000131 
O.0OO14O 

3.408 
7.820 
1.580 

Edirlic  Alcohol, 

13 

8 
3 

0.000133 

0.OO00S38 

6.362 
2.302 

u 

7 

3 

0.0OODt!53 

9.430 

■         " 

13 

I 

0.0OD09D4 

1.570 

MnhTlic  Alcohol, 

13 
13 

■        B 

\ 

0. 000009 1 
0.0000635 

8.B7 

•• 

12 

0 

0.OO00648 

1.B09 

... 

12 

5 

0.0OO07fi3 

9.2 

Id  the  case  of  water,  it  was  found  that  the  amount  of  condensa- 
tion was  proportional  to  the  pressure,  and  that  it  diminished 
when  the  temperature  was  increased.  On  tho  otlicr  hand,  it 
^)peared  tliat  the  compressibility  of  alcohol,  ether,  and  chioro- 
fona  increased  with  the  temperature,  and,  moreover,  that  the 
compressibility  of  these  fluids,  as  well  as  that  of  mcthylic  etlter, 
increased  with  the  pressure. 

M.  Grassi  also  made  experiments  on  the  compressibility  of  sa- 
line solution,  and  found  that,  for  the  same  solution,  it  was  as 
constant  aa  that  of  pure  water,  and  that  it  dimiuished  wbeu  the 
amount  of  salt  in  solution  was  increased. 


•  AbimIm  da  ChtmiB  el  da  Fhpiqoe,  3'  Sciie,  Tom.  XXXI.  p.  tSt. 


218  CHEMICAL  PHTBICS. 

Cotiseguences  of  the  Mechanical  Condition  of  Liguids. 

(119.)  We  have  sceii,  in  tho  last  two  sections,  that  tbe  jaolo- 
cuics  of  a  liquid  are  in  a  condition  of  equilibrium,  and  also  tlut 
all  liquids  are  but  slightly  compressible  and  perfectly  clastic.  Ot 
the  characteristic  properties  of  liquids,  we  shall  only  consider 
those  which  are  a  necessary  consequence  of  these  condidoDs. 
These  naturally  divide  themselves  into  two  classes :  first,  tboso 
which  are  independent  of  tlie  action  of  gravity ;  and,  secondly* 
those  which  depend  upon  it. 

(120.)  Liquids  transmit  Pressure  in  all  Directions. — This 
most  important  quality  of  liquids  was  first  clearly  stated  by  BluW 
Pascal,  in  tlie  following  terms:  Liquids  transmit  eguallj/inaU 
directions  a  pressure  exerted  at  any  point  of  their  mass. 

Wo  may  illustrate  what  is  meant  by  this  statement  of  Pasol, 
by  meaus  of  Fig.  215,  which  represents  the  section  of  a  veanl 
— which  may  be  of  any  shape — filled  with 
water,  on  tlie  sides  of  which  are  several 
apertures  closed  by  movablo  pistons.  Let 
us  suppose  that  the  two  pistons  d  and  c 
present  the  same  surface ;  and,  further, 
that  tlie  piston  a  presents  twice,  and  the 
piston  b  tive  times,  the  area  of  c.  If,  now, 
we  press  in  the  piston  c  with  the  force  of 
one  kilogramme,  this  force  will  be  trans- 
mitted in  every  direction  to  the  sides  of  the  vessel,  and  every 
portion  of  the  interior  surface  whoso  area  equals  that  of  the 
piston  will  be  pressed  upon  with  a  force  of  one  kilogramme; 
tlie  piston  d  will  be  pressed  out  with  a  force  of  one  kilogramme ; 
the  piston  a,  with  a  force  of  two  kilogrammes ;  the  piston  b, 
with  a  force  of  five  kilogrammes.  And  so  will  it  be  with  any 
other  portion  of  surface,  either  on  the  side  of  the  vessel  or  im- 
mersed in  the  fluid ;  it  will  be  pressed  upon  with  a  force  as  many 
times  greater  tlian  one  kilogramme,  as  it  is  itself  greater  titan 
tlie  surface  of  the  piston  c. 

It  is  easy  to  see  that  this  is  a  necessary  consequence  of  the 
constitution  of  liquids.  Since  fluids  are  compressible  and  elastic, 
it  follows  that,  on  pressing  in  tlie  piston  d,  the  liquid  is  taij 
slightly  condensed,  and  the  elasticity  of  compression  developed  in 
its  particles.    Each  particle  at  once  becomes  \\ko  a  bent 
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and  pnwscs  ia  all  dircctioDs,     If  the  particle  is  in  the  midet  of 

Uk  fluid  ma^s,  it  presses  against   tlie  oeiglibortiig  particles ;  if 

I  it  is  [itt  tl>o  (iide  uf  tha  vessel,  it  presses  iu  oue  dii-ection  against 

I  vessel,  but  iu   all  others  against  similar  particles.      Since 

B  Hunu  is  true  uf  every  particle,  it  fulluws  that  tlic  prcEsurc  ex- 

\  by  tlie  condensed  liquid  against  any  two  surfaces  will  be 

E'foportionol  to  the  number  of  particles  in  contact  with  these  sur- 

:  and  as  the  particles  have  tbo  same  size,  it  will  also  he 

pro[tortional  to  tlie  area  of  Uio  surface.     Hence  the  pistons  d  and 

e  will  be  pressed  out  each  by  tlie  same  force,  the  piston  a  by  a 

force  twice  as  great,  and  the  piston  Zi  by  a  force  five  times  as 

gnat,  as  Uiis.    From  tlio  principle  of  equality  between  actiou  and 

reaction,  it  follows  tliat  the  outward  pressure  on  the  piston  c  is 

exactly  equal  to  the  force  applied  to  press  it  in  ;  so  that,  if  this 

pistoQ  is  pressed  in  with  a  force  of  one  kilogramme,  the  piston 

d  is  prG»««d  out  with  the  same  force,  the  piston  a  with  a  force  of 

two  kilogrammes,  etc. ;  which  was  the  proposition  to  be  proved. 

RoprcseDliug  the  area  of  any  portion  of  the  interior  surface  of 

B^TcflBcl  by  S,  and  that  of  any  other  portion  by  S  ;  representing 

nbo  by^  and  S'  the  pressure  exerted  against  these  surfaces  by  a 

oonGucd  liquid,  iu  consequence  of  any  compression  ;  we  have 

S:S-=S:S:  [77.] 

Moreover,  it  is  evident  from  the  principle  involved,  that  this 
equation  is  true,  not  ouly  for  the  surface  of  the  vessel  itself,  but 
kho  for  that  of  any  solid  immersed  iu  the  compressed  liquid,  or 
fiir  any  ecvtiou  of  liquid  particles  whatsoever  in  the  vessel. 

(131.)  The  line  indicating  the  direction  of  the  pressure  ex- 
Ud  bjf  any  liquid  particle  against  the  surfacc_with  which  it  is 
WComlaxt,  it  always  a  perpendicular  to  this  surface  at  the  point 
f  contact.  If  the  surface  is  a  plane,  the  line  is  a  perpendicular 
ftitu  plane;  if  the  surface  is  curved,  the  line  is  a  normal  to  this 
Tbo  truth  of  this  principle  will  be  seen,  if  we  consider 
,  most  be  the  result  if  the  din^ction  of  the  pressure  were 
iliqne.  It  is  evident  that  such  oblique  pressure  would  be  re- 
tited  into  two  forces  (35).  one  perpendicular  to  the  surface,  aud 
B  Other  tangent  to  it.  The  second  component  coulil  of  course 
%  no  pressure  against  the  surface ;  so  that  the  whole  pressure 
9  bgr  the  liquid  particle  would  be  that  of  the  first  compo- 
lell  i>.  B3  the  proposition  requires,  perpendicular  to  the 
t  the  point  of  contact. 
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When  the  surface  is  plane,  the  directJons  of  the  piessnrea  ex- 
erted by  the  particles  are  all  parallel.    It  is  then  always  pooiUt, 
hj  (39),  to  find  a  common  resultant  of  all  these  parallel  forai. 
The  point  of  application  of  this  reEultant  is  called  the  centre  tf 
pressure.     When  tlie  pressurcB  exerted  by  the  separata  partielei 
are  all  equal,  the  centre  of  pressure  is  always  the  centre  of  figun 
of  the  surface.    In  the  case  of  the  pistons  (Fig.  215),-theceaM 
of  pressure  is  in  each  one  the  centre  of  the  circular  ba«,  andia 
studying  its  mechanical  elTects  we  may  regard  all  the  pressure  is 
concentrated  at  that  point.     Were  the  base  of  the  piston  cm- 
care,  then  tlie  directions  of  the  pressures  exerted  by  the  sepuits 
particles  would  no  longer  be  parallel ;  since  the  lines  indicattnS 
these  directions  would  diverge  from  the  centres  of  cumUon- 
Compare  (60).    Moreover,  as  the  area  of  the  curved  surfkce  wmlA 
be  greater  than  that  of  the  plane  surface,  it  is  evident  that  tha. 
total  amount  of  pressure  which  it  would  sustain  under  the  sue 
circumstances  would  be  greater ;  but  it  can  be  proved  that  tbe 
pressure  available  in  moving  the  piston  would  be  the  same  u 
before.     For  this  purpose,  it  is  only  necessary  to  decompose  tbs 
pressure  exerted  by  each  parUcle  into  two  forces,  one  acting  in  a 
direction  wtiich  is  parallel  to  the  axis  of  the  cylinder,  and  tbe 
other  at  right  angles  to  this  direction.     The  forces  acting  parallel 
to  the  axis  of  the  piston  are  obviously  the  only  ones  which  an 
available  in  moving  it ;  and  the  sum  of  these  forces  will  be  found 
to  be  the  same  as  the  total  pressure  which  would  be  exerted  if 
tbe  base  of  the  cylinder  were  a  plane. 

(122.)  Hydrostatic  Press.  —  This  most  beautiful  applicatim 
of  the  equality  of  pressure  was  conceived  by  Pascal ;  but  the 
difficulty  of  avoiding  the  escape  of  water 
from  the  joints  of  pistons  prevented  bim 
from  realizing  his  conception,  and  tbe 
press  was  first  constructed  by  Bramah,  in 
1796,  at  London. 

It  is  perfectly  evident  tliat  the  princi|Je 
of  equality  of  pressures  deduced  in  the 
last  section  is  entirely  independent  of  the 
form  of  the  vessel,  and  we  may  therefbrQ 
give  to  the  vessel  the  form  of  Fig.  216,  in 
which  the  area  of  the  piston  &  c  is  twenty  times  as  large  as  that 
of  the  piston  a.    Hence  it  follows,  that,  if  we  press  in  the  pis- 
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I  with  a  force  of  five   kilogrammes,  the   piston  6  will  be 

1  out  with  twenty  timos  as  much  force,  or  one  hundred  kilo- 

!9 ;  and,  on  tlie  other  hand,  if  we  press  in  the  piston  b  c 

Ea  force  of  one  hundred  kilogrummes,  tiie  piston  a  will  be 

d  out  with  a  force  of  only  five  kilogrammes.     It  is  evidently 

^rtant  that  tlio  connection  between  the  piston  should  be  so 

Itiut  in  Fig.  216.    If  it  is  effected  by  a  long  and  narrow  tube, 

L'iplo  will  still  hold  tnie,  provided  only  that  the  jointa  are 

|aiid  the  material  of  the  vessel  unyielding. 

)  hydrostatic  press,  which  is  used  in  the  arts  for  producing 

is  only  a  modification  of  the  apparatus  reprosonted 

,  Pig.  216.     One  of  the  most  usual  forms  of  this 

^presented  in  perspective  by  Fig.  217,  and  in  section 


^^L,y 


[.  21S.  The  same  parts  are  lettered  alike  on  the  two  figures, 
ista  of  two  cylinders,  A  and  B,  connected  together  by  a  tube, 
1  the  larger  cylinder  moves  tlie  large  piston  P,  which  \e 
fcin  lli«  form  of  a  plunger,  touching  the  walls  of  the  cylinder 
I  Uw  top,  where  it  passes  through  a  water-tight  packing. 
B  top  of  this  piHton  is  a  platform,  which  rises  and  falls  with 
19- 
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it,  and  the  articles  to  be  submitted  to  pressure  are  placed  between 
this  and  a  second  platform,  Q,  which  is  firmly  fastened  to  the 
floor  hy  means  of  four  iron  columns,  which  also  serve  to  guide 
the  motion  of  the  lower  platform.    The  small  piston  p  is  caa- 


stnicted  exactly  like  the  larger,  and  is  moved  up  and  down  in 
the  cylinder  by  the  pump-handle  M.  The  small  cylinder  acts 
as  a  force-pump.  It  connects  witli  a  reservoir  of  water  below 
by  means  of  a  tube  terminating  witli  a  rose,  a.  Tbia  tube  i> 
guarded  by  a  valve,  c,  which  allows  the  water  to  flow  up  into  dte 
pump,  but  not  in  the  reverse  direction.  It  is  evident  from  this  de- 
scription, tliat,  on  working  the  handle  M,  water  will  be  alternately 
sucked  up  from  the  reservoir  and  forced  into  the  lai^  cylinder 
B,  through  the  pipe  K,  from  which  it  is  prevented  from  returning 
by  a  valve  at  o.  The  large  piston  will  thus  be  forced  up  by  a  pres- 
sure which  will  be  as  much  greater  than  that  exerted  on  the  small 
piston  as  the  area  of  its  section  is  greater.  If,  for  example,  it  is 
a  hundred  times  as  large,  it  will  be  pressed  up  with  a  force  one 
hundred  times  greater  than  that  exerted  on  p.  This  force  can 
be  so  much  increased  by  the  lever  M,  that  a  man  can  easily  exert 
a  downward  pressure  of  150  kilc^rammes  on  p,  and  the  piston  P  . 
will  then  be  pressed  up  with  a  force  equal  to  15,000  kilogrammes. 
It  must  be  noticed,  however,  that  the  piston  P  will  rise  very 
slowly,  and  as  much  more  slowly  than  the  motion  of  j)  as  the  aroa 
of  its  section  is  greater.  This  is  in  accordance  with  a  well-known 
principle  of  mechanics,  which  is  true  of  all  machines,  that  what  ia 
gfuned  in  force  is  lost  in  velocity  (or  extent  of  motion).  In  Uw 
present  case,  in  order  to  raise  the  piston  P  one  metre  under  a  force 


m 


of  15,000  kilogmmmes,  it  is  necessary  to  push  down  tlie  piston  p 
^^^rongb  one  liuiidrod  metras  witli  a.  fuice  of  150  kilogrammeB. 
^HkU  is  Bccumplishcd  hjr  repeated  motions  of  the  handle  M. 
^HpTke  tube  K  is  Tuniislied  with  a  Earety-yalre,  t  (Fig.  218),  kept 
^^  place  by  a  weight  acting  on  it  through  a  lever  (Fig.  217). 
Tliere  is  also  a  valve-cock  at  r,  by  which,  the  water  in  the  cylinder 
B  may  bo  vented  into  the  reservoir  H,  in  order  to  lower  the  pis- 
ton ;  and,  lastly,  a  third  valve-cock,  by  which  the  communication 
between  tlie  cylinders  may  be  closed  when  it  is  desirable  to  keep 
the  ar^cles  under  pressure  for  some  time.     The  peculiar  form  of 
the  packing  at  n  is  also  deserving  of  notice.     It  is  made  of  thick 
ItntlKr  saturated  with  oil,  in  the  form  of  an  invertj^d  U,  and 
the  more  Ihe  water  is  compressed,  the  more  firmly  the  leather  is 
[ireiiEcd  against  the  sides  of  the  cylinder  and  piston. 

The  hydraulic  press  is  applied  in  the  arts  for  a  great  variety  of 
;  opposes,  such  as  packing  dry  goods  in  bales,  pressing  out  printed 
sheets,  extracting  oil  from  grains,  and  testing  steam-boilers.  It 
was  alfo  used  for  raising  the  iron  tubes  of  the  Britannia  Bridge 
over  the  Metiai  Strait. 

'  (133.)  Prefsure  exerted  by  Liquids  in  Consequence  of  their 
ff^iffkl.  —  In  the  first  place,  let  us  consider  what  will  be  the 

lire  exerted  by  a  liquid  on    the   bottom 

l.tbo  containing  vessel.     Let  arm.  Fig.  219, 

rft  conical  vessel,  which  we  will  suppose  filled 

vater   to   the  point  o.     Let  us  suppose 

I   divided  into   a   number  of 

•  the  planes   be,  e  d,  ig,  p  n, which 

r  take  as  thin  as  wo  wish,  and   only 

rS^nler  in  each  stratum  the  cylindrical  mass 
enclosed  in  dotted  lines.  It  is  now  evi- 
dent that  the  pressure  exerted  by  each  cylindrical  mass  on  its 
own  base  will  be  equal  to  its  own  weight.  Then,  from  the  prin- 
ciple of  Pascal,  the  pressure  exerted  by  the  weight  of  the  fii-st 
iDftss  will  bo  transmitted  to  the  whole  section  b  c,  so  that  this  will 
havo  to  Rupporl  a  pressure  as  much  greater  than  the  weight  of  the 
fintt  ma»  as  tJie  area  of  this  section  is  greater  than  the  area  of  the 
bsM  of  the  first  cylinder.  Hence  it  follows,  that  it  will  support 
■  pteamre  equal  to  the  weight  of  a  column  of  water  whose  base 
oqiuls  b  e,  and  whose  height  is  tliat  of  the  fii-st  cylinder.  This 
B  will  tlicii  he  added  to  the  weight  of  the  second  cylinder, 


iBMiroti  will  tlicn  b 
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which,  on  the  same  principle,  will  be  transmitted  to  the  whole 
section  e  d ;  and  hence  the  resulting  pressure  exerted  on  the  sec- 
tion e  d  \s  equal  to  the  weight  of  a  column  of  water  whose  base 
equals  this  section,  and  whose  height  equals  the  sum  of  the 
heights  of  the  first  and  second  cylinders.    The  same  course  A 
reasoning  may  be  extended  to  the  sections  igj  pn^  and  also  to 
the  base,  r  m.     Hence  the  pressure  on  the  base,  r  iti,  is  equal  to 
the  weight  of  a  column  of  water  whose  base  equals  this  base, 
and  whose  height  equals  the  sum  of  the  heights  of  all  tlie  cylin* 
ders,  or  o  m. 

This  demonstration  is  evidently  independent  of  the  number  of 
strata,  and  must  therefore  hold  when  this  number  is  infinite  and 
the  vessel  conical.  It  is  also  evident  that  it  is  independent  of  the 
form  of  the  vessel.  It  would  hold  if  the  vessel,  remaining  conical| 
were  placed  in  an  inverted  position,  or  for  a  vessel  of  any  shape 
whatsoever.  We  may  therefore  conclude,  as  the  general  result 
of  this  discussion,  that  the  pressure  exerted  by  a  liquid  on  the 
horizontal  base  of  the  containing  vessel  is  equal  to  the  weight  cf 
a  column  of  this  liquid  whose  base  equals  the  base  of  the  vessel^ 
and  whose  height  equals  the  depth  of  the  liquid  in  the  vesseL 

The  fact,  that  the  pressure  exerted  by  a  liquid  on  the  bottom  of 
the  vessel  containing  it  is  independent  of  the  form  of  the  vesseli 
may  be  demonstrated  experimentally  by  means  of  the  apparatus 
represented  in  Fig.  220,  which  was  invented  by  Haldat,  and  is 
known  by  his  name.  It  consists  of  a  bent  glass  tube,  ABCjUk 
one  end  of  which,  A^  is  a  brass  cap,  to  which  may  be  screwed  either 
of  the  glass  vessels  M  and  P.  There  is  also  a  cock  by  which  the 
liquid  in  the  vessel  may  be  drawn  off.  In  order  to  make  the  ex- 
periment, we  fill  the  bent  tube  with  mercury,  and  then  screw  into 
its  place  the  larger  of  the  two  vessels,  which  we  fill  with  water. 
This  presses  up  the  mercury  in  the  branch  C,  and  we  mark  the 
level  to  which  it  rises  by  means  of  the  ring  a.  We  also  mark  the 
level  of  the  water  in  the  vessel  by  means  of  the  index-rod  c,  which 
we  push  down  until  it  just  touches  the  surface.  We  then  draw  off 
the  water,  and,  having  replaced  the  vessel  M  by  the  smaller  ves- 
sel P,  we  fill  this  with  water  to  the  same  height  as  marked  by  the 
index,  when  we  find  that  the  mercury  rises  in  the  branch  C  to 
precisely  the  same  level  as  before.  As  the  effect  produced  by  the 
pressure  of  the  water  in  the  two  cases  is  the  same,  we  have  a 
right  to  conclude  that  the  two  pressures  are  equal.    This  pres> 
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R,  tiien,  is  independent  or  tlie  form  of  tlio  vessel  or  of  the 
lotily  of  wntcr ;  and,  since  tlie  base  of  the  vessel  is  tlio  same  in 
I  cases,  (that  is,  the  surface  of  the  merciiiy  in  tlio  tube  A,) 
I  th«  height  of  tiie  liquid  also  the  same,  it  is  evident  that  tho 
tftlity  of  pressure  is  a  necessary  result  of  the  principle  before 


^24.)   Upward  Pressure.  —  If  vc 
tidcr  tmf  given  section  of  liquid, 
pH,  Fig.  219,  it  is  evident  that  the 
iclea  on   this   section    are    corn- 
red  by  the  weight  of  tho  liquid 
yrc  tliem,  and  hence  must  be  es- 
ing  pressure   in    every   direction, 
I  jnst  OB  much  upward  prcssuro 
t  duwnw«nl  preseuro.     If,  then,  we 
IinmcTW  in  the  liquid  a  cylindrical 
body,  such  tis  c  d,  Fig.  221,  it  ia  plain 
t  the  particles  of  water  in  contact 
I  Uje  base,  d,  of  the  cylinder,  be- 
I  in  a  compressed  condition,  must 
t  an  upward  pressure  on  the  baso 

I  cylinder  equal  to  tho  pressure  "g-*"- 

'  DXiut  on  the  eectiou  of  liquid  next  below  them.     This 
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pressure,  hj  the  last  section,  is  equal  to  the  weight  of  a  coloina 
of  liquid  having  the  same  base  as  the  cylinder,  aiid  liaving  i 
heiglit  equal  to  the  depth  of  the  eection  below  the  surface  of  the 
liquid. 

(125.)  Pressure  an  the  Sides  of  a  Vessel.  —  This  same  coune 
of  reasoning  day  also  be  extended  to  the  pressure  exerted  bja 
liquid  against  the  sides  of  the  containing  vessel.    It  is  e^'idGllt,  for 
example,  that  the  particles  of  the  liquid  in  contact  with  llie 
piston  b,  Fig.  221,  are  iu  a  state  of 
tension  caused   by   the    prc6sure  ot 
the   weight  of    liquid   above    then. 
They  are  therefore  exerting  pressure 
in  all  directions,  and  lience  also  again^ 
the  surface  of  the  piston  in  directious 
which  are  perpendicular  to  tliat  eui^ 
face.     Now  the  pressure  of  any  one 
particle  is,  by  the  principle  of  (123), 
equal   to   the   weight   of    a    colamn 
of  similar  particles  whoso  height  ia 
equal  to  the  depth  of  this  partide  be- 
low the  surface.    And  siuco  the  total 
pressure  against  the  piston  is  equal  to 
tlie  sum  of  tlie  pressures  of  the  8q>- 
aratc  particles,  it  follows  that  the  total 
pressure  is  equal  to  the  voeigkt  of  a 
column  ofliqaid,  the  area  of  whose  base  is  equal  to  the  area  of  the 
surface  of  the  piston,  and  whose  height  is  equal  to  the  mean  depth 
of  the  various  particles  below  the  surface.     This  moan  depth,  in 
the  example  under  consideration,  is  evidently  the  depth  of  the 
centre  of  the  piston,  and  lience  e  g  is  a  coliunn  of  liquid  whose 
wciglit  is  equal  to  the  pressure.     In  the  same  way,  tlie  pressun 
against  the  piston   o  ie  equal  to  tho  column  represented  by  A  i. 
It  is  easy  to  extend  this  demonstration  to  any  portion  of  the 
sides  of  a  vessel,  whether  plane  or  curved.     It  can  also  easily  be 
proved  that  the  mean  depth  of  the  various  particles  of  liquid  in 
contact  with  any  surface  is  in  every  case  equal  to  the  depth  of  the 
centre  of  gravity  of  these  particles. 

Were  tho  pressure  exerted  by  each  of  the  particles  of  water  in 
contact  with  the  piston  (Fig.  221)  the  same,  the  centre  of  prce- 
sure  (121)  would,  ae  in  Fig.  215,  coincide  with  the  centre  m 


^^Hu^     This,  hovercr,  is  not  tlie  case  ;  tho  particles  liclo'ff' 

^^H  lurol  of  tlio  ccittru  of  the  pititon,  being  at  a  greater  deptli, 

^^^Kt  a  greater  pressure  tliaji   tbuse  aixive  this  luvcl.     llcaco 

^Hb  puiiit  of  ap|ilication  of  the  parallel  forces  vliich  l\wy  ex- 

^R,  (^Iwiug  DeaiesC  to  tlio  grenlor  furccs  [20],)  must  bo  below 

Utu  cuutnj  of  tiguro.     la  any  similar  casa,  tlic  positiou  of  the 

cvntru  of  prcssuro  is  below  Uie  cciitro  of  gravity  of  tlie  particles 

coBtposiiif;  tlie  sucUou  aguJnst  which  tho  pressure  is  exerted,  atid 

it  can  always  be  found  by  caleulatiuu  wUuu  tlie  form  of  tho  BUr- 

£iC4!  is  known. 

(liW.)  Oeneriilizalian.  —  Tlia  separate  results  at  which  we 
Lave  anired  iu  tbo  last  tlirec  sections  may  ho  generalized  as  fol- 
lows :  The  pressure  exerted  bg  a  litjuid  on  any  section  lehatso- 
^^Mr  is  equal  to  the  weight  of  a  columa  of  the  liqvtd,  the  area  of 
^^^Mce  bate  ii  equal  to  the  area  of  the  aeclton,  and  whose  heiglit 
^HpipioV  io  the  depth  of  the  centre  ofgravily  of  the  section  below 
^^n  Svrface  of  t/ie  liquid. 

( 12.1.')  The  pressures  exerted  by  two  liquids  oa  equal  sections 
at  equal  deptiis  are  proportional  to  the  specific  gravities  of  these 
liquids.  It  follows,  from  the  last  section,  that  the  two  pi'cssures 
arc  eqtial  to  tho  weights  of  equal  columns  —  and  hence  of  equal 
rolnmcs  —  of  tho  two  liquids.  But  it  follows  from  (GlOt  that 
tltii  weights  of  equal  Tolumes  of  two  liquids  are  to  each  other  as 
their  Kpecilic  gravities,  and  hence  the  pressures  exerted  by 
them  on  equal  sections  at  equal  depths  must  bo  in  tho  same  pro- 
^BtotioD. 

^^■f  wo  represent  by  iS  tlie  area  of  any  section  in  square  cen- 
^^Bfrtrcs,  l^y  i^  the  depth  of  the  centre  of  gravity  in  centimetres, 
^^^Llittve,  by  geometry,  for  the  volume  of  tlie  column  of  liquid 
^^^BM  weight  represents  the  pressure,  ¥=11.  S,  in  which  V 
^^^^ds  for  a  certain  number  of  cubic  centimetres.  But  wc  know 
^■f  [i>6],  tliat  IF=  V.  Sp.  Gr.,  and  honee,  if  we  represent  tho 
{■eenire  eierted  on  any  section  by  £,  wc  have 

fct=,W=H.S.(Sp.Gr.■)  [78.] 

tnj  other  eection,  having  Uie  same  area  and  at  the  same 
h,  we  have 
t'  =  a.S.(,l>p.Gr.y;  [T9.] 

and,  comparing, 
^  *:*■-(*.  Gr.)  :  ( Sp.  Gr)'.  [80.] 
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(128.)  Hydrostatic  Paradox. — It  is  evident  from  (12S),dut 
the  presEure  of  a  liquid  od  tlie  bottom  of  the  contBining  -vtmA 
may  be  very  much  greater  than  the  wo^ 
of  liquid  it  contains.  For  example,  the 
pressure  of  tlie  liquid  on  tlie  bottom. of  the 
vessel  D  C,  Fig.  222,  is  tlie  same  as  if  itt 
diameter  were  equal  throughout  to  tint  of 
tlie  lower  part ;  and  from  this  it  would  teem 
to  follow,  that,  if  the  vessel  were  placed  in 
the  pan  of  a  balance,  JIf  If,  it  onglit  to 
produce  the  same  effect  as  a  cylindrial 
vessel  of  the  same  weight,  containing  tin 
same  height  of  water,  and  having  throi^ 
out  the  diameter  of  tlie  part  D.  But  it  hu 
been  shown,  that  the  liquid  presses  on  the  walls  n  o  as  well  u  oa 
the  bottom,  and,  since  tliis  pressure  is  in  an  upward  directim,  it 
will  tend  to  make  the  vessel  rise,  while  the  pressure  on  tlie  bot- 
tom tends  to  make  it  fall.  The  difference  of  these  two  pressoRi 
is  all  that  is  exerted  on  the  pan  of  the  balance,  and  this  in  eTerf 
case  is  just  equal  to  the  weight  of  the  vessel  and  that  of  the 
liquid  which  it  contains. 

This  fact  is  usually  called  the  Hydrostatic  Paradox.  It  it, 
however,  evidently  no  paradox,  but  only  a  necessary  consequenct 
of  the  meclianical  condition  of  liquid  matter. 

Equilibrium  of  Liquids. 

(129.)  In  order  that  there  should  be  a  condition  of  eqm- 
tibrium  in  a  liquid  mass,  it  is  essential  that  each  particle  of  the 
liquid  should  be  pressed  on  all  sides  equally.  This  principle  — 
the  first  statement  of  which  is  attributed  to  Archimedes  —  is  a 
necessary  consequence  of  the  mobility  of  liquid  particles.  For, 
suppose  that  any  one  particle  were  not  pressed  on  all  sides  equal- 
ly, it  is  evident  that,  being  free  to  move,  it  must  move  in  the 
direction  of  the  greatest  pressure,  and  there  would  not  be  an 
equilibrium  (28). 

When  a  liquid  mass  under  the  influence  of  gravity  is  sup- 
ported in  a  vessel,  it  is  essential,  in  order  that  each  particle  may 
he  pressed  on  all  sides  equally  (in  other  words,  in  order  that 
tliere  may  be  a  condition  of  equilibrium),  that  two  conditiona 
should  be  fulfilled,  which  we  will  now  consider. 
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1.  The  surface  of  the  liquid  vtust  be  perpendicular  at  each 
point  to  the  direction  of  gravilff ;  that  is  to  sai/,  it  must  be  hor^ 
zontal. 

To  prove  tliis,  let  ua  Buppose  tliat  tlio  surfacQ  of  the  liquid 
bas  an;  other  form,  as  in  Fig.  223.    It  is  tbeu  evident,  that 
the  force  of  gravitj  acting  on  any  particle, 
m,  and  represented  by  the  line  mp  (31), 
will  be  deeomposcd  into  two  others  (35). 
One  of  these,  represented  by  vi  q,  is  nor- 
mal to  the  surface  at  the  point  m,  and, 
being   balanced  by  the  resistance  of  the 
flnid    particles,  wonld   not  cause   motion.     The  second  compo- 
nent is  tangent  to  the  surface,  and,  not  being  balanced,  tends  to 
move   tlie  particles  in  the  direction  mf.     Hence,  under  these 
circumstances,  there  could  not  be  an  equilibrium.     If,  however, 
the  surface  is  horizontal,  the  tendency  of  the  force  of  gravity  is 
solely  to  sink  the  particles  under  the  surface,  and  since  all  the 
particles  at  the  surface  are  solicited  equally  by  tliia  force,  the 
equililn-ium  is  maintained. 
^^  It  follows  from  this,  that  the  surface  of  still  water  is  horizontal 
^M^wn  its  extent  is  so  limited  that  we  can  regard  the  directions  of 
^^pe  forces  of  gravity  as  all  parallel  (44).     Such  is  not,  however, 
^Hp0  case  with  the  surface  of  the  ocean  when  at  rest,  or  of  a  large 
^^■li>    For  since  this  surface  must  be  perpendicular  at  every  point 
^B^  tlie  plumb-line,  and  since  all  plumb-lines,  if  extended,  pass  ap- 
^Sjjroximatively  through  the  centre  of  the  earth,  it  follows  that  the 
surface  must  be  sensibly  spherical  (60). 

The  principle  just  illustrated  is  only  a  particular  case  of  a 
lOre  extended  principle,  which  may  be  thus  stated  :  — 
I  When  a  liquid  mass  is  in  equilibrium,  the  resultant  of  all  the 
trees  acting  at  any  point  of  its  surface  is  normal  to  the  surface 
J  that  point. 

(:2.    The  pressure  must   be  equal  over  the  whole   surface  of 

Y  horizontal  section.     The  necessity  of  this  condition  is  easily 

For  suppose  this  not  to  be  the  case,  then  tliere  must  be 

naewhere  on  the  same  horizontal  section  —  for  example,  p  n, 

219  —  two  adjacent  particles  which  are  not  equally  pressed 

f  tlio  superincumbent  liquid.     But  two  such  particles  must  ex- 

in  consequence  of  their  elasticity,  an  unequal  pressure  on 

kch  other,  a  condition  which  is  evidently  not  cousisteut  with  a 

^te  of  equilibrium. 

'20 
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At  the  surface  of  a  liquid  the  pressure  must  be  evei^here 
zero,  and  heucc,  iu  a  state  of  equilibrium,  the  surface  must  be 
horizontal ;  so  that  the  first  condition  may  be  regarded  as  a 
special  case  of  the  last. 

This  condition  is  also  a  particular  case  of  a  general  principle, 
which  may  be  thus  stated :  — 

Any  liquid  mass  in  equilibrium  may  be  rega/rded  as  consisting 
of  an  infinite  number  of  laviinte^  normal  at  each  point  of  their 
surface  to  the  resultant  of  all  the  forces  which  act  at  this  poini^ 
and  sustaining'  at  every  point  exactly  the  same  pressure. 

It  is  a  consequence  of  this  principle,  that  any  liquid  mass,  which 
is  not  acted  uppn  by  external  forces,  will  take  the  form  of  a  sphere 
in  consequence  of  the  mutual  attraction  of  its  own  particles.  In 
this  case,  the  infinitely  thin  lamin»  are  concentric  .spherical  sur- 
faces, and  the  resultant  of  all  the  forces  acting  on  any  particle 
in  every  case  passes  through  the  centre  of  the  sphere,  and  is  nor- 
mal to  the  spherical  surface  on  which  the  point  is  situated.  By 
no  other  form  than  the  sphere  would  the  conditions  of  equilibrium 
be  satisfied. 

Observation  confirms  this  result  of  theory.  Drops  of  water  or 
mercury,  so  small  as  not  to  be  sensibly  deformed  by  their  own 
weight,  take  a  spherical  form  when  placed  on  surfaces  they  do 
not  wet.  The  rain-drop  also  is  spherical,  and  in  like  manner  tlie 
drops  of  melted  lead  become  spherical  while  falling  in  the  shot- 
towers.  But  the  theory  is  still  more  beautifully  illustrated  by  an 
experiment  devised  by  Plateau. 

By  mixing  alcohol  and  water,  a  liquid  can  be  obtained  having 
the  same  density  as  oil.  If,  now,  we  add  drops  of  oil  to  the  liquid, 
these  drops,  as  we  shall  soon  see,  are  in  the  same  condition  as 
if  they  had  no  weight,  and  in  conformity  with  the  theory  take 
a  spherical  form.  By  carefully  introducing  the  oil,  a  sphere  of 
considerable  size  can  be  formed,  suspended  in  the  alcoholic  fluid. 
Plateau  succeeded  in  giving  to  this  liquid  sphere  a  rotation  by 
means  of  very  simple  machinery,  and  found  that,  by  regulating 
the  velocity,  he  could  cause  it  to  become  flattened  at  the  poles,  to 
throw  off  rings  and  satellites,  and  thus  in  various  ways  illustrato 
the  nebular  hypothesis  of  Laplace. 

(130.)  A  liquid  when  in  equilibrium  always  maintains  th€ 
same  level  in  vessels  communicating'  with  each  other.  —  This  fa- 
miliar fact  is  illustrated  by  Fig.  224,  which  represents  four  vea- 


0,  canununicatiiig  through  Uie  lube  m  n,  in  all  of 

1  suuidii  at  the  sobie  leveL    That  tliis  must  iieccs- 

mnlf  be  the  case,  ia  easily  sliown.     Cousider  aay  vertical  sectJou 

in  Uic  tube  m  it,  separatiug  the 

^^iqaid  in  D  from  that  iu  Cy 

^■fad  let  us  duDote  the  area  of 

^^U  anrraco  by   S.     Now  it  is 

^Hpidcnt  that  this  HectioH  caii  he 

^^K  equilibrium  only  when  the 

^^Kw*iinxi  on  its  two  faces  uic 

<'<iual.    The  pressure  on  the 

■  a   towards   D  is,   by  [78], 

S  =  S.H.(Sp.  Gf.),  m  whicli 

p  jHis  tJie  ileptii  of  the  centre  of 

Imvity  of  tlie  section  below  tlio 

\  of  Itie  liquid  in  D.    The 

I  the  fuec  lownrda  C 

\\a  like  mauiier,  S  =  S .  H'  .  (.^.Gr.),  in  which  H'  equals 

I  depth  of  the  centre  of  gravity  below  tlie  level  o£  tlie  liquid 

wC.     Since  tliese  two  pressures  are   eiiual  when  there   is   ou 

piililirium,  it  follows  thatZf^lf',  wliich  demonstrates  the  priii- 

Be  in  qiiestion. 

i(131.)  When  two  vessels  communicating  together  are  filled 
I)  diSerout  liquids,  which  will  not  mis  or  combine  chemically 
with  each  other,  the  heights  of  the 
two  liquid  columns  when  in  equi- 
librium are  inversely  proijortional 
to  the  specific  gravities  of  the 
liquids.  This  principle  may  be  il- 
lustrated by  means  of  the  apparatus 
represented  iu  Fig.  2'25,  It  consists 
of  two  tubes,  m  and  n,  connected 
together  by  a  spialler  tube  below. 
The  lower  portion  of  both  tubes  is 
filled  with  merenry.  and  ou  the 
BUrfaco  of  the  mercury  in  the  tube 
n  rests  a  column  of  water,  A  B.  If 
now  wo  conceive  a  liorizoiital  line, 
B  C,  drawn  across  the  apparatus 
BUrfaco  of  tlic  mercury  at  B,  it  is  evident,  from  the 


^^bgimie  BUrfaco  of  tlic 
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last  section,  that  the  liquid  below  tliis  line  is  in  eqailibrium; 
and  hence  it  follows,  that  the  colfimn  of  water  BA  is  just  bat 
anced  by  the  column  of  mercury  D  C.  On  measuring  these  two 
heights,  it  will  be  found  that  D  C  \%  thirteen  and  a  half  times 
smaller  than  A  B ;  and  by  referring  to  the  table  of  specific  grat- 
ities,  it  will  be  found  that  the  specific  gravity  of  mercury  is  tlm^ 
teen  and  a  half  times  greater  than  that  of  water ;  or,  in  other  words, 
the  heights  are  inversely  proportional  to  the  specific  gravities. 

The  truth  of  this  principle  can  easily  be  proved.  If  we 
represent  the  surface  of  the  mercury  at  B  by  iS,  and  tbe 
height  of  the  column  of  water  B  Ahy  Hy  the  specific  gravity  of 
water  by  Sp.Crr.^  then  by  [78]  the  pressure  on  the  surface  is 
f  =  S  ,  H .  QSp.Gr.').  In  the  same  way,  the  pressure  of  the 
column  of  mercury,  C  D,  is  f  z=  S  .  H'  .  (^Sp.  Gr.y^  where  S  is 
the  area  of  the  section  at  (7,  H'  the  height  of  the  column  C  J), 
and  QSp.Gr.y  the  specific  gravity  of  the  mercury.  Now,  it  fol- 
lows from  (120),  that  there  can  be  an  equilibrium  only  when  tbe 
pressures  exerted  on  the  two  surfaces  at  B  and  C  are  proportional 
to  the  area  of  these  surfaces,  or  when  J' :  iT'  =  S  :  iS'.  Substi- 
tuting the  value  of  S  and  iT',  we  find  that  when  this  is  the  case, 

H.  (Sp.Gr.^  =  H'  .  (Sp.Gr.y, 
or  [81.] 

H:  H'  =  CSp.Gr.y  :  CSp.Gr.y 

Hence,  there  can  be  an  equilibrium  only  where  the  heights  of  the 

two  columns  are  inversely  as  the  specific  gravities  of  the  liquids. 

(182.)   Spirit-Level.  —  We  have  seen  that  the  surface  of  a 

liquid  at  rest  is  always  horizontal,  that  is  to  say,  perpendicular  to 

the  direction  of  gravity. 
We  have,  therefore,  in 
this  fact  a  ready  means 
of  determining  the  hor- 
izontal plane.  The  spir- 
it-level, which  is  used 
for  this  purpose,  con- 
sists of  a  tube  of  glass 
(Fig.  226)  very  slightly  ' 
curved,  and  filled  with 
Fig  227.  alcohol,*  leaving  only  a 


Fig.22S. 


*  Alcohol  does  not  freeze  even  at  the  lowest  temperatures. 
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1  balb  of  »ir,  whicti  always  tends  to  occupy  the  highest  part. 
r  tube  is  bcrmotically  Gcalcd,  and  mounted  on  a  brass  or 
Iden  stand,  D  C,  Fig.  '227,  the  base  of  wliich  is  carefullj'  ad- 
h1,  so  that  when  it  rests  on  a  lioHzoiital  plane,  P,  tlie  alr- 
Iblo,  M,  shall  rcet  just  at  tho  middle  of  tho  tube. 

8.)  Artesian  Wells.  —  The  tendency  of  water  to  seek  its 

.  level  is  illustrated  by  all  seas,  lakes,  springs,  and  rivers, 

hue  so  many  vessels  connecting  with  each  other.     One  of 

larkable  of  this  class  of  illustrations  is  the  Artesian 

I  from  tho  old  province  of  Ai'tois,  in  France,  where 

B  vcre  first  made.     They  are  narrow  tubes  sunk  in  the 

I  to  TRTJous  depths,  iu  which  the  water  frequeutly  rises  many 

IftboTC  tlic  surface  of  the  ground. 

lie  principle  of  the  Artesian  well  is  illustrated  by  Fig.  228. 
I  crust  of  our  globe  is   formed   of   numerous  strata,  some 


liicb  are  permeable  to  water,  like  sand  and  gravel,  while 
,  sQcli  as  clay,  are  impermeable.     Let  us  supjiose,  then, 
t  iu  ft  geological  basin  we  have  au  alternation  of  such  strata, 
Linple,  two  beds  of  clay-rock,  A  and  B,  enclosing  a  bed 
D  permeable  material,  M,  as  sand ;  and  let  us  also  suppose 
\  the  solid  bod  comes 
^0  surface  at  some 
r  lave)  (Pig.  229), 
s  it  will  receive  tho 
This  water 
I  filter   through  the 
\  uid  collect  under 
igraphical  basin, 
lout  being  able  to  rise  to  the  surface,  on  account  of  the  clay 
A.     But  if  wo  sink  a  tube  through  this  bed,  it  is  evident 
20' 
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that  the  watop  will  rise  to  a  height  aa  much  aboTe  the  soil  u  i* 
the  level  at  which  it  stands  iu  the  peculiar  reservoir  formed  b;r 
the  clay  beds. 

These  wells  are  sunk  with  a  peculiar  form  of  auger,  wbicb  is 
worked  within  au  iron  tube,  the  tube  be- 
ing driven  down  as  fast  as  the  anger  de- 
scends. One  of  the  most  remarkable  of 
these  wells  is  that  of  Orcnellc,  on  the  out- 
skirts of  Paris.  It  is  548  metres  deep 
and  yields  3,000  litres  of  water  each  mm 
ute.  TliQ  water  has  a  constant  tempera- 
of  27"  C.  — 

(134.)  SaH  Wells.  —  An  illustration 
of  tlic  principles  of  section  (131)  is  fur 
nished  by  the  mode  in  which  salt  wells  are 
worked  in  some  parts  of  Germany.  It  not 
unfrequentlyhappensjthat  beds  of  rock-salt 
occur  in  the  midst  of  impcmieablc  strata 
(see  Fig.  230).    It  can  Uieu  be  extracted  ' 


Fig- ISO. 

in  tlie  follomng  way.  An  Artesian  well 
(Fig,  2!}1)  is  first  sunk  to  about  the  mid- 
dle of  the  bed.  Within  this  well  is  en- 
closed a  smaller  tube  of  copjier,  descend- 
ing to  the  bottom  of  the  bod  of  salt,  and 
therefore  conf^iderably  lower  than  the  iron 
tube  forming  the  sides  of  the  well.  The 
lower  end  of  the  copper  tulic  is  closed,  but 
it  is  perforated  with  little  holes  to  the 
height  of  a  few  metres,  which  allow  the 
water,  but  not-  dirt,  to  enter.  From 
some  convenient  source  fresh  water  is  made  to  flow  into  tho  well, 
aud  descends  outside  of  the  copper  tube  to  tlie  salt  bed.    ll 
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nlres  the  salt,  and  the  lienvy  brine  sinks  to  tlie  bottom  of  tlio 
,  whore  it  finds  tho  lower  end  of  ti»e  copper  tubo.  Tiiis  lube 
1  filb  with  stilt  water  ;  but  the  brine  does  not  rise  to  the  suis 
facu  of  tlie  soil,  but  only  to  such  a  level  that  the  coliimu  of  brine 
in  ttia  interior  copper  tube  shall  be  in  equilibrium  with  that  of 
wat«r  in  the  annular  space  outside.  The  spccilic  gi-avity  of  sat- 
unit4!(l  brine  is  about  1.20,  that  uf  water  being  1 ;  hctice,  if  wo 
Kprc»ent  the  heights  of  tlie  two  columns  by  H  and  H\  we  shall 
hare  Hi  B'  =  1.20  :  1.  If,  then,  tho  depth  of  the  well  is  200 
mctrus,  the  brine  will  rise  i^  .  200  =  166,  and  consequently  to 
ftlen;!  34  m.  bolow  the  Mirfaco  of  the  soil.  Through  tliis  dia- 
B  il  is  raised  by  a  pump. 

Buoijancy  of  Liquids. 

|1S5.)  Principle  of  Archimedes.  —  AH  liquids  bvoij  up  solids 

ursed  in  them  with  a  force  equal  to  the  weight  of  the  Hriiiid 

pitKtd.     TIlis  very  important  fact  was  discovered  by  Arcliimc- 

1^  and  is  generally  known  under  the  name  of  the  Principle  of 

tkimedes.     It  is  generally  stated  that  the  discovery  was  made 

|this  renowned  phitosojjhtir  of  antitiuity  while  reflecting  on  the 

bwoyaiicy  of  the  water  on  his  own  body  when  he  was  bathing ;  and 

lie  is  said  to  have  Iwen  so  much  elated  by  the  discovery,  that  he 

1  from  the  bath  liirough  the  streets  of  Syracuse,  exclaiming, 

evpffta  ! 

tie  prinoiple  of  Archimedes  may  be  illustrated  by  means  of 

I  appnmtus  represented  in  Fig.  232.     The  brass  cylinder  B 

Btada  so  as  to  fit  accurately  the   brass   cup  A.     In   experi- 

^tit^  with  tlie  apparatus,  the  cylinder  and  cup,  having  been 

Msodfld   to  one  pan  of  a  balance  arranged  for  tho  purpose, 

t  ottrefully  [mised,  by  placing  weights   in  the  opjiosite  pan; 

I  (tylinder  is  then  immersed  in  water,  as  represented  in  the 

In  consei^ueuce  of  the  buoyancy  of  the  liquid,  the  pan 

uulng  tho  weights  will  preponderate.    According  to  the  prin- 

,  tluB  buoyancy  is  equal  to  the  weight  of  the  water  which 

P  cylinder  has  displaced.     But  from  the  construction  of  the 

mlns,  tho  cup  A  will  hold  exactly  this  amount  of  water ; 

IbftDOO,  if  tho  principle  is  correct,  the  equilibrium  will  lie  ro- 

i  on  filling  the  cup  A  with  water,  —  and  this  we  find  to  bo 

teoM.     The  »aino  result  would  also  be  obtained  with  alcohol, 

1  »aj  other  liquid. 
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It  appears,  then,  that  the  cylinder  is  buoyed  up  by  a  tona 
equal  to  the  weight  of  tlie  liquid  vhich  it  displaces.     But  tbia 
statement     expresses    only 


one  half  of  the  truth  ;  for 
it  is  a  necessary  result  of 
the  equality  of  action  and 
reaction,  tliat  the  upward 
pressure  of  tlie  water  on  tho 
cylinder  must  be  accompa- 
nied by  an  equivalent  down- 
ward pressure  of  the  cylin- 
der on  tlie  water  ;  or,  in 
other  words,  not  only  that 
tlie  cylinder  loses  in  weight, 
but  also  that  the  water  gains 
the  weight  wliich  the  cyl- 
inder loses.  In  order  to  il- 
lu6trat«  this  fact,  we  oui 
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We  first 


i  the  flxperimcnt  as  represente 

r  the  vessel  of  water,  mid  then  immerEe  in  tlie  liquid  ttic 
i  cylinder,  supported   as   represented  in   the   figure.     The 

vatcr  will  be  found  to  liavo  grained  in  weight,  and  in  order  to 

restore  the  equilibrium  it  will  be  necessary  to  remoye  from  the 

^^el  fiufTicieut  water  to  jnet  fill  tho  cylinder  A. 

H(13ti.)  Denionsl ration.  —  Tho  principle  of  Archimedes  is  a 

Ipessary  consequence  of  the  law  enunciated  in  (1-6),  as  can 

Msily  he  proved.     Let  us,  in  tho  first 

ptooe,   suppose    tliat    the    body   im- 

merwtl  in  the  liquid  it;  a  right  cyl- 
inder, ■«  r  d,  Fig.  234,  suspended  so 

that   iu   bases   aliall    bo    liorizontal. 

Consider  now  the   preasnre   exerted 

by  tho  liquid  at  any  one  point  on  the 

tide  of  Uii.s  cylinder.     By  (1-1)  the 

direction  of  tliis  pressure  is  normal 

to  tlie  siirlace  at  this  point.     But,  as 

is  well   known,  tins  normal,  if  pro- 

dooed,  will  coincide  with  the  diam- 
'  of  the  circular  section  of  the 
nder  which  would  be  made  by 
Drizoutal  plane  cutting  the  cyliii- 
at  tlie  p<jii)t  ill  question.  Now, 
to  otlior  end  of  this  diameter  is 

intact  with  the  liquid,  and  at  tlio  same  depth  below  its  surface, 
I  evident  thai  this  point  will  sustain  a  pressure  equal  in  amount 
:  oppoMte  in  direction  to  that  sustained  by  the  first  point. 
n  two  pressures  will  consequently  balance  each  other,  and, 
B  the  same  holds  true  of  every  other  similar  point,  it  follows 
i  the  whole  pressure  of  the  liquid  on  the  convex  surface  of  the 
Dder  is  in  eqiiilibriura. 

t  is  tliOcrent,  however,  with  tho  pressure  on  the  two  horizon- 
ba«es.  The  pressure  exerted  on  the  base  d  is,  by  (120),  equal 
he  weight  of  the  liquid  cylinder  represented  by  e  ^,  and  tho 
Hure  on  tiic  base  c  to  the  weight  of  the  liquid  cylinder  A  t. 
re  13,  therefore,  an  excess  of -upward  pressure  equal  to  the 
^t  of  tlie  liquid  cylinder  /g-,  which  is  equal  in  size  to  the 
nder  c  d,  Tlic  cylinder,  tlien,  is  buoyed  up  with  a  force  equal 
wdgbt  of  liquid  displaced. 


( 
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(137.)  This  demonstration  may  readily  be  extended  to  a  body 
of  any  form  whatsoever.  Let  8  s' s'*  be  the  body,  and  ox^ojfj 
oz  three  co-ordinate  axes  perpendicular  with  each  other,  to  which 
we  can  refer  position.     The  pressure  exerted  by  a  liquid  on  any 

infinitely  small  element  of  surface, 
5,  is  by  [78]  I  =z  s  .  H .  (^^.Gr.); 
This  pressure,  which  by  (121)  i8no^ 
mal  to  the  surface,  may  be  resolved 
into  three  forces,  at  right  angles  to 
each  other  and  parallel  to  the  coK)^ 
dinate  axes.  Representing  the  no^ 
mal  by  p,  and  the  angles  which  it 

makes  with  a;,  y,  z,  as  ^ ,    ^  ,   ^ , 

we  have,  for  the  three  components, 

S'  =  f  cos  ^  ,  S"=sS  co8^  J  mi 

£*"  =  #  cos  ^  .     Substituting  for 

S  its  value  given  above,  the  three  components  become 

i'  =  II.iSp.GT.)  .  5  cos  ^; 


Fig.  286. 


£"=^H.  (iSp.Gr.').s  cos^; 


[82.] 
[83.] 
i-'"  =  H  .aSp.G.-)  .s  cos  ^ .  [84.] 

But  s  cos  ^  is  the  projection  of  the  surface  s  on  the  plane  of  y  r, 

and  this  projection  is  equal  to  the  right  section  of  an  infinitely 
small  cylinder  parallel  to  the  axis  of  x.  Representing  the  area 
of  this  section  by  r",  we  have,  for  the  value  of  the  first  compo- 
nent, £'  =  H .  (^Sp.Gr,')  r".  But  this  pressure  will  obviously 
be  balanced  by  the  pressure  exerted  on  the  element  of  surface,  5", 
which,  decomposed  in  the  same  way,  will  give  a  component  also 
equal  to  // .  (  Sp-  Gr.^  r",  and  parallel  to  the  axis  of  a:,  but  act- 
ing in  the  opposite  direction.  It  can  easily  be  shown  that  the 
same  is  true  of  the  component  parallel  to  the  axis  of  z.  This 
will  be  balanced  by  an  opposite  and  equal  component  of  tlie 
pressure  exerted  on  the  element  s'".  Let  us,  lastly,  consider 
what  will  be  the  effect  of  the   component  parallel  to  the  axis 

of  p.    In  the  value  of  £'^  [83],  the  quantity  of  «  cos  ^   is 

the  projection  of  the  surface  s  on  the  plane  of  x  z.  This  pro- 
jection is  equal  to  tlie  right  section  of  the  vertical  cylinder  $  $*. 
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■preBcnting  tlie  area  of  this  ECction  by  r',  we  have,  for  the  value 
r  tlie  vertical  com|x>iieiit,  £"  ^  H  (^  Sp.  (?r.)  r',  a  force  which 
bands  to  raise  llie  body.  Tliis  force  is  iu  part  balanced  by  the 
pressure  exerted  on  tlio  elcoieiit  s'.  By  dceumjiosiiig  this  force, 
it  will  be  found  Uiat  the  vertical  comjiouent  which  exerts  a  down- 
ward prcBsurein  tliediroctions's,  isequal  to  £i  =  II'\^p.Gr.')r', 
The  vertical  cylinder  of  the  body  *  s'  is  tlieu  buoyed  up  by 
a  force  equal  to  tlio  difference  of  these  two  values,  that  is, 
t"  —  £,  =  iH—M'){Sp.Gr.')r',  which  is  the  weight  of  a 
colotDii  of  liquid  of  the  same  volume  as  the  cylinder. 

By  extruding  tlio  same  course  of  reasoning  to  each  of  the  in- 
fiuitcJy  small  etcmonts  of  surface  which  the  body  presents,  wo 
should  decompose  the  body  into  an  infinite  number  of  vertical 
cyliiiders  similar  to  s  s',  each  of  which  is  buoyed  up  by  a  force 
equal  to  the  weight  of  its  own  volume  of  liquid.  The  whole 
body  is  of  course  buoyed  np  by  a  force  equal  to  the  sum  of  the 
forces  acting  on  the  elementary  cylinders,  that  is,  by  a  force 
equal  to  tlie  weight  of  the  li<juid  wiiich  it  displaces. 

(138.)  Tlie  correctness  of  the  principle  of  Archimedes  can  be 
proved  in  another  way,  which  more  directly  connects  it  with  tlie 
condition  of  equilibrium  which  exists  among 
the  particles  of  all  liquids  when  at  rest. 
Consider,  for  example,  any  cubic  centimetre 
of  tlie  liquid  contained  in  the  vessel.  Fig. 
23ti,  such  as  A  B.  Since  the  liquid  is  at 
rest,  it  is  evident  that  this  liquid  cube  is  ex- 
actly sustained  iu  its  position  by  the  pres- 
sure of  tiie  surrounding  particles.  But  tlio 
I  of  liquid,  of  whicb  it  consists,  has 
ight  ;  and  it  is  therefore  also  evident, 
iat  the  liquid  cube  is  sustained  because  it 
fcbui^ed  up  by  a  force  which  is  just  equal 
its  weight.  Let  us  now  suppose  the 
[Did  culjo  to  be  suddenly  solidified  without  changing  its  volume ; 
t  is  evident  that  it  will  be  buoyed  up  by  the  same  force  as  be- 
fore ;  for  no  change  has  taken  place  either  in  the  position  or  the 
conditions  of  the  surrounding  particles.  Whatever,  therefore, 
may  be  the  substance  or  weight  of  the  solid  cube,  it  will  be  buoyed 
op  by  a  force  equal  to  the  weight  of  one  cubic  centimetre  of  the 
liquid  in  which  it  is  immersed.  Tliis  demonstration  can  evident- 
ly be  extended  to  any  other  body,  of  whatsoever  size  or  shape. 
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(139.)  Centre  of  Pressure.  —  It  has  been  proved  (45),  Hoi 
the  resultant  of  all  the  forces  which  gravity  exerts  on  the  pirti- 
cles  of  a  body  is  a  single  force  —  represented  by  the  wei^t  of 
the  body  —  directed  vertically  downwards.  And  it  has  furtha 
been  proved  (46),  that  this  force  may  always  be  regarded  as  ap- 
plied at  the  centre  of  gravity,  whatever  position  tlie  body  may 

assume.     Now,  since  the  supposed  liquid 
cube  (Fig.  236)  is  exactly  supported,  it  fol- 
lows that  the  resultant  of  all  tlie  pressures 
which  it  receives  from  the  surrounding  jiuy 
tides  of  liquid  must  also  be  a  single  force 
equal  to  the  weight  of  the  cube,  but  <& 
rectcd  vertically  upwards.    Moreover,  if  our 
ideal  cube  could  be  turned  in  the  liquid,  it 
would  evidently  still  remain  in  equilibrium, 
in  whatever  position  it  might  be  placed. 
Since  in  all  possible  positions  the  resulljant 
of  the  forces  of  gravity  may  be  regarded  as 
applied  at  the  centre  of  gravity,  it  follows 
that  in  the  different  positions  the  resultant  of  all  the  pressures 
may  also  be  regarded  as  applied  at  the  same  point.     The  same 
point,  then,  which  is  common  to  all  the  resultants  of  the  forces 
of  gravity  in  the  different  positions  which  a  body  may  assume,  is 
common,  also,  to  all  the  resultants  of  pressure  ;  in  other  words, 
the  centre  of  gravity  of  our  liquid  cube  is  also  the  centre  of 
pressure. 

If,  now,  we  replace  the  ideal  cube  of  liquid  with  a  cube  of  brass 
having  the  same  size  and  volume,  it  is  evident  that  the  conditions 
of  the  particles  exerting  the  pressure  have  not  been  changed 
Hence  the  resultant  of  the  pressures  exerted  by  these  particles 
will  still  be  a  force  acting  vertically  upwards ;  and,  further,  in 
any  position  which  the  brass  cube  may  assume,  the  direction  of 
this  resultant  will  pass  through  what  would  be  the  centre  of  grav* 
ity  of  a  liquid  cube  of  the  same  form  and  volume.  This  com- 
mon point,  through  which  the  resultant  of  the  pressure  passes, 
in  any  position  of  the  brass  cube,  is  its  centre  of  pressure.  We 
have  made  use  of  a  brass  cube  in  this  discussion,  merely  to  give 
distinctness  to  our  conceptions  ;  but  it  is  evident  that  the  same 
reasoning  would  apply  to  a  body  of  any  shape  whatsoever.  In 
any  case,  the  centre  of  pressure  is  always  the  same  point  which 
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was  previously  Ike  centre  of  gravity  of  the  liquid  which  has  been 
displaced  by  the  bodi/. 

If  the  body  is  honiogeneotis  and  entirely  immersed  in  water, 
the  centre  of  pressure  coiucides  with  the  centre  of  gravity  of  the 
body.  If,  however,  the  body  is  not  homogeneous,  —  if,  for  ex- 
ample, it  is  loaded  on  one  side, —  then  tlie  centre  of  gravity  will 
no  longer  coincide  with  the  centre  of  pressure  ;  l>ecause  it  will 
not  coincide  witli  the  centre  of  gravity  of  a  liquid  body  of  tho 
same  shape  and  volume. 

(140.)  Floating  Bodies.  —  If  the  weight  of  a  body  is  loss 
than  that  of  tho  liquid  which  it  displaces,  then,  tho  buoyancy  be- 
ing greater  than  the  weight,  tlio  body  will  rise  to  the  surface  of 
the  liquid,  and  float.  On  the  otlier  hand,  if  the  weight  of  a  body 
is  greater  than  that  of  the  liquid  which  it  disfilaces,  it  will  sink. 
Moreover,  since  the  specific  gravities  of  any  two  substances  are 
to  each  other  as  the  weights  of  equal  volumes  of  these  substances, 
it  is  also  true  that  a  homogeneous  solid  will  float  when  its  spe- 
dlic  gravity  is  less  than  that  of  the  liquid,  and  that  it  will  sink 
when  these  conditions  are  reversed. 

An  iron  bar  sinks  iu  water,  but  floats  in  mercury,  because  a 
given  volume  of  iron  weighs  less  than  the  same  volume  of  mer- 
cury, and  more  than  tho  same  volume  of  water.  For  a  similar 
reason,  a  piece  of  boxwood  will  float  in  water,  but  sink  in  alco- 
hol. The  bar  of  iron,  however,  can  be  made  into  a  hollow  vessel, 
which  will  float  on  water ;  and,  in  the  same  manner,  boxwood 
can  be  made  to  float  on  alcohol.  The  volumes  of  the  bodies  will 
thus  be  increased  without  increasing  the  weight,  and  since  the 
weight  of  the  liquid  they  displace  is  now  greater  thau  their  own 
weight,  they  will  float.  Steamships  are  frequently  made  of  iron, 
and  loaded  with  heavy  machinery  ;  but  nevertheless,  since  their 
whole  weight  is  less  than  that  of  the  water  which  they  displace, 
they  float.  The  specific  gravity  of  the  human  body  is  very  nearly 
the  same  as  that  of  water,  and  can  readily,  therefore,  by  a  little 
effort,  be  kept  at  the  surface  in  tho  act  of  swimming.  By  in- 
creasing slightly  the  volume  of  water  displaced,  without  increas- 
ing sensibly  its  weight,  the  body  will  float  without  effort.  Most 
persons  can  expand  the  chest,  by  a  little  effort,  sufficiently  to  make 
the  specific  gravity  of  the  body  less  than  that  of  water,  and  it  is 
well  known  that  good  swimmers  can  float  their  bodies  by  lying 
back  on  the  surface  of  the  water  and  espandiug  the  chest.  This  is 
91 


242  CHEMICAL  PHTBICS. 

also  the  theory  of  life-preservers,  which  are  bags  filled  with  air, 
or  pieces  of  cork  worn  under  the  arms.  They  so  far  increase  the 
volume  of  the  body  as  to  make  the  specific  gravity  of  the  life- 
preserver  and  the  body  together,  as  a  whole,  less  than  that  of 
water. 

The  large  floating  tanks,  called  camels^  which  are  used  to  lift 
large  vessels  over  the  sand-bars  that  obstruct  the  mouths  of  many 
harbors,  are  an  ingenious  application  of  the  same  principle.    These 
tanks,  which  arc  closed  on  all  sides  and  water-tight,  having  been 
filled  with  water,  are  fastened  under  the  sides  of  the  vessel.    The 
water  is  then  pumped  out,  when  the  tanks  rise,  and  raise  the  ves- 
sel with  them.     A  similar  contrivance,  called  a  floating  dockyia 
very  much  used  in  the  United  States  for  raising  ships  completely 
out  of  water,  for  repairs.     It  consists  of  a  large  platform,  on 
which  the  ship  is  to  rest,  beneath  which  are  hollow  and  wate^ 
tight  tanks,  so  loaded  that,  when  full  of  water,  they  will  sink. 
The  platform  is,  in  the  first  place,  sunk  to  the  deptli  of  several 
fathoms,  and  the  ship  to  be  raised  is  then  floated  over  it.    The 
water  is  now  pumped  out  of  the  tanks  beneath  the  platform, 
which  then  rises,  and  raises  the  vessel  with  it. 

(141.)  Equilibrium  of  Floating  Bodies,  —  When  a  body  is  at 
rest,  floating  on  the  surface  of  a  liquid,  there  must  be  an  equi- 
librium between  the  weight  of  the  body  and  the  buoyancy  of  the 
liquid.  Hence  it  follows,  from  (135),  that  the  weight  of  tki 
liquid  actually  displaced  by  a  floating  body  is  equal  to  its  own 
weight.  Wo  can  always  determine  the  weight  of  a  ship  by 
measuring  the  volume  which  is  below  the  water-level,  and  mul- 
tiplying this  by  the  specific  gravity  of  the  liquid.  This  will,  by 
[56],  give  the  weight  of  water  displaced,  which,  as  we  have  just 
seen,  is  the  same  as  the  weight  of  the  ship.  We  can  also  dete^ 
mine  the  weight  of  the  cargo  by  determining  the  volume  of  water 
displaced  by  the  ship  both  before  and  after  loading.  The  dif^e^ 
ence  between  these  two  volumes,  multiplied  by  the  specific  gravity 
of  the  liquid,  will  give  the  weight  of  the  cargo. 

The  centre  of  pressure  of  a  floating  body  is,  by  (139),  the 
same  point  as  the  centre  of  gravity  of  the  fluid  it  displaces.  It 
is  obviously,  therefore,  an  entirely  diflFerent  point  from  the  centre 
of  gravity  of  the  body,  and  must  always  be  below  this  point  when 
the  body  is  a  homogeneous  solid.  For  example,  in  Fig.  237,  the 
centre  of  gravity  of  the  homogeneous  floating  body  ab  c  d  is 
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the  point  G.  The  centre  of  pressure,  P,  is  the  centre  of  gravity 
of  the  liquid  displaced,  and  this  is  obviously  below  the  centre  of 
gravity  of  the  whole  body.  Wlien 
the  6oating  body  is  not  homoge- 
neous, the  centre  of  gravity  may 
be  below  the  centre  of  pressure. 
For  example,  if  we  should  attach 
to  tlic  bottom  of  the  body  abed 
a  piece  of  lead,  this  would  sink 
the  body  still  deeper  in  tbe  water,  .   'L-  '  ''■~^'.\-  -'^ 

and  thus  raise  the  centre  of  pres-  -     -   _  "  .  "  ' 

sure,  while   at  the  same  time  it  ~     --^^^       — 

would  lower  the  centre  of  gravity,  '''■■  ^"^ 

and  thus  might  change  the  relative  position  of  the  two  points. 

In  order  that  a  floating  body  should  be  in  equilibrium,  it  is  not 
only  uecessary  that  it  should  displace  its  own  weight  of  liquid, 
but  it  is  also  essential  that   the 
centres   of  gravity  and   pressure 
should  be  situated  on   the  same 
vertical.     If,  as  in  Fig.  238,  the 
two  points  are  not  situated  on  the 
Game  vertical,  then  the  resultants 
of  the  forces  of  gravity  and  pres- 
sure will  be  represented  by  two  '"^*  , 
opposite   vertical    forces,   as  P  g 
and  0  r.    Since  these  forces  are 
equal,  they  will  neither  tend  to                           *' 
r^se  nor  depress  the  body  in  the  liquid  ;  but  nevertheless,  as  the 
two  forces  form  a  couple  (38),  they  will  tend  to  rotate  the  body. 
Hence,  although  the  body  will  neither  rise  nor  fall,  it  will  turn  in 
the  liquid  until  the  centre  of  pressure  falls  in  the  same  vertical 
with  the  centre  of  gravity,  but  in  such  a  way  that  the  amoimt  of 
water  displaced  by  the  body  shall  be  always  the  same. 

(14*2.)  Stable  and  Unstable  EquUibrivm.  —  When  the  cen- 
tres of  pressure  and  gravity  arc  in  the  same  vertical,  there  will  be 
a  condition  of  equilibrium,  but  this  equilibrium  may  be  either 
stable,  unstable,  or  neutral.  The  equilibrium  is  said  to  be  stable 
when,  on  turning  the  floating  body  slightly  in  the  water,  it  tends 
to  return  to  its  first  position ;  it  is  said  to  be  unstable,  when, 
under  these  circumstances,  it  continues  to  turn  until  it  posses 
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into  a  new  condition  of  equilibrium ;  and  it  is  said  to  be  neotal, 
wben  it  will  remain  at  rest  in  any  position  indifferently. 

The  condition  of  a  floating  body  is  always  staUe  when  thft 
centre  of  gravity  is  below  the  centre  of  pressure.  The  trodi 
of  this  statement  is  an  immediate  consequence  of  the  prind^ 
pies  of  the  last  section.  The  centre  of  pressure  is  a  poini 
at  which  the  whole  upward  pressure  of  the  liquid  may  be  le- 
garded  as  concentrated.  It  may  therefore  bo  considerod  as  the 
point  of  support  of  the  floating  body ;  and  it  has  already  beea 
shown  (48),  that  the  condition  of  a  body  is  stable  when  the 
centre  of  gravity  is  below  the  point  of  support.  It  does  not  fol* 
low,  however,  that  the  condition  is  necessarily  unstable  when  the 
centre  of  gravity  is  above  the  point  of  support.  In  this  case,  the 
stability  of  the  body  depends  upon  the  position  of  a  variable  poioti 
which  is  called  the  metacerUre;  and  the  equilibrium  is  still  stable, 
when  the  centre  of  gravity  is  below  this  point.  The  position  of 
the  metacentre  depends  on  the  form  and  position  of  the  body. 
We  shall  only  be  able  to  point  out  its  position  in  the  case  of  one 
of  the  simplest  solids ;  but  this  example  will  serve  to  illustrate 
the  general  principle. 

Let  us  suppose,  then,  that  the  floating  body  is  a  homogeneoas 
rectangular  prism  (Fig.  239).    The  centre  of  gravity  will  thea 
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Fig  289.  Fig.aia 

be  the  same  as  the  centre  of  its  figure,  or  6,  and  the  centre  of 
pressure  the  centre  of  gravity  of  the  part  immersed  in  the  liquid, 
a  variable  point,  depending  on  the  position  of  the  body.  If,  now, 
when  it  is  floating  on  its  broadest  side,  we  turn  it  through  the 
angle  e  o  c  (Fig.  240),  the  portion  represented  by  the  triangle 
eo  c  \s  raised  out  of  the  liquid,  and  that  represented  by  Co/suIk 
merged  ;  and  since  the  quantity  of  water  displaced  must  be  the 
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mn*  ID  CTcry  position  of  the  body,  it  follows  that  tho  portion  eoe 
ii  ei)u&!  to  tlio  portion  b  of.    But  now  llie  form  of  the  submerged 
portiou  is  entirely  changed,  and  tho  centre  of  gravity  of  tlie  sub- 
merged portion,  which  is  the  centre  of  pressure,  is  also  changed, 
•ihI  taoved  to  the  point  P.     If  in  tliis  position  we  draw  through 
■to  point  P  a  perpendicular,  it  will  intorsect  the  perpendicular 
^Bm  through  the  point  P  m  tho  previous  position,  namely,  O  q, 
^Bk  point  q,  and  this  point  is  the  mftacentre.     In  tho  case  before 
m,  the  inetacentre  is  above  the  centre  of  gravity  ;  and  it  is  evi- 
dent from  Uie  figures,  tliat  the  couple  formed  by  tlio  resultants 
of  the  forces  of  gravity  and  of  the  pressure  tends  to  restore  the 
floating  Ixvdy  to  its  first  position  (Fig.  239). 

Let  us  DOW  suppose  that  the  rectangular  prism  is  floating  on 
H»  luUTOW  side,  as  in  Fig.  241 ;  and  that,  as  before,  we  turn  it  to 


■ 


(  right  through  a  small  angle.  Tlie  centre  of  pressnre  will 
Ibtn  be  shifted  to  a  new  position,  at  the  right  of  the  plane  of 
■ynunetry  (Fig,  242"),  If,  now,  we  erect  a  perpendicular,  it  will 
intersect  the  perpendicular  drawn  through  the  centre  of  presmire 
in  the  previous  position,  at  a  point  q,  below  the  centre  of  gravity; 
and  it  can  easily  he  seen  that  the  couple  formed  by  the  force  of 
gravity  and  the  pressure  will  tend  to  turn  the  body  still  fur- 
ther, and  it  will  only  come  to  rest  when  it  falls  back  into  tho 
TKmtion  of  stable  equilibrium,  floating  on  its  broad  side,  as  in 
Pig.  2H9. 

What  has  now  been  illustrated  in  tho  case  of  a  rectangular 
prism,  is  Inifl  of  all  floating  bodies.     In  general.  Ihe  metacentre 
f^be  defined  as  Ihe  point  where  the  vertical  passing  (krovgh 
lire  of  pTfUsure  in  the  position  of  pquilibrivm,  meets  the 
ieai  drmen  Ihrov^h  the  new  centre  of  pressure  after  the  body 
21' 
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has  been  slightly  dispUiced  from  this  position.  A  floatiiig  body 
is  in  a  stable  condition  when  the  metacentre  is  above  the  centre 
of  gravity,  and  unstable  when  this  condition  of  things  is  revenei 
When  the  centre  of  gravity  is  below  the  centre  of  pressure,  the 
metacentre  must  evidently  always  be  above  the  centre  of  gravity, 
and,  as  before  shown,  this  condition  is  always  stable.  It  is  also 
evident,  from  the  above  discussion,  that  the  stability  of  a  floating 
body  is  the  greater  the  broader  the  submerged  part  and  the 
lower  the  position  of  the  centre  of  gravity. 

It  is  of  great  importance  to  pay  attention  to  the  conditions  of 
stable  equilibrium  in  the  construction  and  loading  of  ships. 
Vessels  which  are  used  to  transport  passengers  or  light  cargoes 
require  to  be  ballasted,  by  depositing  immediately  above  the  ked 
a  quantity  of  heavy  matter,  such  as  stones  or  pigs  of  iron.  The 
centre  of  gravity  may  thus  be  brought  so  low,  as  to  give  the 
vessel  such  stability  that  no  lateral  force  of  the  wind  acting  on 
its  sails  can  capsize  it.  So,  also,  the  heaviest  part  of  a  cargo 
should  always  be  deposited  in  the  lowest  possible  position,  in  o^ 
der  that  its  centre  of  gravity  may  be  immediately  over  the  keeL 
When  this  is  the  case,  any  inclination  of  the  vessel  causes  the 
centre  of  gravity  to  rise  ;  and  to  accomplish  this  requires  a  force 
proportional  to  the  weight  of  the  vessel,  and  to  the  height  through 
which  the  centre  is  elevated. 

The  equilibrium  of  a  boat  may  be  rendered  unstable  by  the 
passengers  standing  up  in  it ;  and  this  is  not  unfrequently  the 
cause  of  accidents  to  light  sail-boats. 

If  the  centre  of  gravity  of  a  vessel  be  not  directly  over  the 
keel,  the  vessel  will  incline  to  that  side  at  which  it  is  placed  ;  and 
if  this  displacement  is  considerable,  danger  may  ensue.  The 
rolling  of  a  vessel  in  a  storm  may  so  derange  the  ballast  or  cargo, 
as  to  throw  the  vessel  on  her  beam-ends. 

(143.)  Neutral  Equilibrium,  — In  some  cases,  the  position  of 
the  centre  of  pressure  is  not  changed  by  any  change  of  position 
of  the  body  which  is  compatible  with  displacing  its  own  weight 
of  fluid.  In  such  a  case,  the  body  will  float  in  equilibrium  in 
any  position  indifferently,  and  is  said  to  be  in  a  condition  of  neu- 
tral equihbrium.  A  sphere  of  uniform  density  is  an  example  (tf 
this ;  for  in  whatever  position  it  floats,  the  part  immer^  is 
always  a  segment  of  the  sphere  of  precisely  the  same  magnitude 
and  shape,  so  that  the  centre  of  pressure  has  always  the  same  posi- 


1  with  reforence  to  the  centre  of  gravity  of  the  sphere.  Con- 
XjaenU;,  tlie  Hpliero  will  float  iiidifforcntly  in  any  position  in 
wiiieli  it  mar  l>o  placod. 


^^^  Metkods  of  determining-  Specijic  Gravity. 

^^^(144.)  The  spcctfic  gravity  of  e.  eubstaiico  has  been  defined 
^^Hl  tlie  ratio  of  its  weight  to  that  of  an  equal  volume  of  pure 
^^Bftter  at  4°  C,  —  the  temperature  at  which  the  volume  of  the 
^^Bliil  is  measured  behig  0°  C.  As  most  of  the  methods  used  for 
^^^U'rmiaing  specific  gravity  afe  illustralions  of  the  principles  of 
hyJmsUtics,  we  will  briefly  describe  them  in  this  connection, 
rcMirving,  however,  for  the  chapter  on  Weighing  and  Measuring, 
^^^e  pmcticul  details  of  the  subject. 

^^B(145.)  First  Method.  Specific- Graviti/  Bottle.  —  The  most 
^^Hvvious  method  of  determining  the  speciliG  gravity  of  a  suhstonce 
^^B  to  weigh  ec(uul  volumes  of  the  substance  and  of  water,  and 
then  divide  the  first  weight  by  the  last.  When  the  substance  is 
9  liquid,  this  mctliod  is  readily  applied.  We  use  for  the  purpose 
a  nnall  glass  bottle,  such  as  is  represented  in  Fig.  243.  The 
bottle  is  closed  by  a  perforated  ground-glass  stopper 
of  peculiar  construction,  terminating  in  a  fine  tube, 
\  which  is  marked,  with  a  file,  a  point  to  which 
)  bottle  is  to  t>o  filled  at  each  experiment.  The 
tie,  whose  taro  has  been  previously  ascertained, 
(first  of  all  filled  with  pure  water,  and  the  stopper 
Rrted,  when  tlie  water  rises  in  the  glass  tube. 
e  excess  of  water  above  the  mark  is  now  removed 
til  a  piece  of  bibulous  paper,  and  the  bottle  care- 
btf  weighed.  Uy  substracting  from  this  weight 
B  tare  of  the  bottle,  wo  have  the  weight  of  a  giveu  nc us. 
pome  of  water,  which  is  thus  ascertained  once  for 

If,  then,  we  wish  to  obtain  the  specific  gravity  of  any  other 

ftuid,  we  fill  the  bottle  with  this  liquid  in  the  same  way  as  be- 

,  and  weigh  it ;  then,  having  subtracted  the  weight  of  the 

tlu.  we  have  the  weight  of  a  volume  of  this  liquid  equal  to 

I  volume  of  the  water.     Representing  these  two  weights  by 

"*  and  W,  we  have,  by  definition, 


(*&.)=^,- 


[85.] 
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If  we  repeat  this  process  at  different  temperatures,  we  obteia 
different  results,  owing  to  the  expansion  both  of  the  liquids  and  of 
the  glass.  It  is,  therefore,  essential  to  observe  carefuUj  the  toa* 
perature  of  the  liquids  at  the  time  of  filling  the  bottle,  and  then 
to  calculate,  by  means  of  tables  prepared  for  the  purpose,  what 
would  have  been  the  result  had  the  temperature  of  the  water 
been  at  4""  C.  and  that  of  the  substance  at  0^  C.  This  is  called 
reducing'  the  results  to  the  standard  temperaiure^  and  the  method 
of  making  the  reduction  will  be  described  in  the  chapter  just,  re- 
ferred to. 

The  specific-gravity  bottle  may  also  be  applied  to  determin- 
ing the  specific  gravity  of  solids,  when  they  can  be  broken  into 
small  pieces.  For  this  purpose,  we  take  a  specific-gravitj 
bottle  and  determine  the  weight  of  the  bottle  when  filled  with 
water,  as  before  described.  Call  this  weight  TFj.  We  then  in- 
troduce into  the  bottle  a  known  weight  of  the  solid,  W^  and  fill 
up  the  remainder  of  tlie  bottle  with  water.  The  weight  of  the 
bottle,  solid  and  water,  which  we  then  ascertain,  we  will  repre- 
sent by  W9.  It  is  then  evident  that  the  weight  of  water  dis- 
placed by  the  solid  is  W*=Wi  -{-  W —  W^ ,  and  hence  we  have 


(i^.GV.) 


W 


W,  +  W—  r. 


[86.] 


Fig.  244. 


Here,  as  before,  it  is  necessary  to  reduce 
the  results  obtamed  to  the  standard  tem- 
perature. 

(146.)  Second  Method.  The  Hydro- 
static  Balance, — We  suspend  the  body  by 
a  fine  thread  to  the  pan  of  a  balance  (Fig. 
244),  and,  having  equipoised  it  by  means 
of  a  tare  in  the  other  pan,  immerse  it 
in  water,  as  represented  in  the  figure. 
The  weight  which  it  loses,  being  exactly 
equal  to  that  of  the  water  which  it  dis- 
places, is  the  weight  of  a  volume  of 
water  equal  to  that  of  the  body  which 
we  wish  to  find.  Hence,  in  order  to  de> 
termiue  this  weight,  we  have  only  to  add 
weights  to  the  pan  from  which  the  body 
is  suspended,  until  the  equilibrium  is  es- 
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It  is  eridently  essential  to  tlie  accuracy  of  this  metb- 
the  water  used  should  be  pure,  and  the  thread  so  fine 
can,  without  sousible  error,  neglect  the  weight  of  water 
I  itself  displaces. 

Beatitsg   by  W  the  weight  of  the  body,  and  by  W  the 
required  to  restore  the  equilibrium,  we  have,  by  defini- 

(Sp.Gr.)  =  -J-,.  [87.]. 

I  thus  obtained  must  bo  reduced  to  tlie  standard  tena- 

Dethod  may  also  be  applied  to  liquids  as  well  as  to  solids, 
jturpose  wo  prepare  a  closed  glass  tube,  and  enclose  in 
ent  mercury  to  sink  the  tube  beneath  any 
rith  the  exception  of  the  two  heaviest,  mer- 
3  bromine.  To  tins  tube  wo  attach  a  fine 
t  wire,  as  in  Fig.  245,  which  represents  the 
IS  of  its  full  size.  We  commence  by  deter- 
Hice  fur  all,  by  the  method  Just  described,  the 
i  the  volume  of  water  at  4°  C.  which  tlie  glass 
places.  This  we  may  call  C,  as  it  is  a  con- 
lamtity  for  each  apparatus.  In  order,  now,  to 
!  the  specific  gravity  of  a  liquid,  we  suspend 
to  the  pan  of  a  balance,  and,  having  eqni- 
t  br  placing  a  weight,  prepared  for  the  pnr- 
Iho  oUier  pan,  immerse  it  In  the  liquid.  Tlie 
of  weight  required  to  restore  the  etiiuilibrium 
eight  of  the  volume  of  this  liquid  which  the 
>laces,  and  the  weight  of  llie  same  volume  of 
0.  is  known  to  be  C.     Hence  the  specific 

(f  the  liquid  is  j, .  This  value  must  be  cor- 
r  thu  temperature  at  which  the  experiment  is  made. 
I  Third  Method.  Hi/drometers.  —  In  tliis  method,  the 
is  not  used,  but  its  place  is  supplied  by  floating  bodies  of 
construction,  called  ht/drometers.  A  few  of  these  we 
f  dfiBcribe.  They  may,  for  convenience,  be  divided  into 
8, -^  Hydrometers  with  a  Constant  Volume,  and  Hy- 
with  a  Constant  Weight. 


I 


ohhucal  PHTuCa, 


BTDBOMETBRB   1 


I  A  COMSTAHT  TOLCm, 


1.  Nicholson's  Hydrometer.  —  This  inatniment  is  repreHot- 
ed  iu  Fig.  246.  It  consists  of  a  hollow,  cylindrical  rewel,  S, 
made  usually  of  sheet  brass  or  tinned  iron.  To  the  lower  aid 
of  this  vessel  is  fastened  a  cone  filled  wiUi  lead,  C,  tliebusof 
which  forms  a  pan  on  which  the  hody  whose  speciiic  gravity  ii  to 
be  determined  is  placed.  The  object  of 
the  lead  is  to  load  the  apparatus  eo  tint 
the  centre  of  gravity  may  be  belov  the 
centre  of  pressure,  which,  as  we  have  geeoi 
(142),  is  a  condition  of  stable  equilibrium. 
To  the  top  of  the  vessel  is  fastened  ft  vite, 
wliich  supports  the  pan  A,  and  on  tlui 
wire  is  marked  a  fixed  point,  o. 

In  usin^  this  apparatus,  we  commence 
by  determining  tlie  weight  which,  pUcel 
in  the  pan  A,  will  sink  tlie  hydrometeito 
tlie  fixed  point  o.  This  is  a  constaot 
quantity  for  the  same  apparatus,  and  nnf 
be  represented  by  C.  Let  us  suppose  Ihit 
iu  any  given  case  it  is  125  grammes,  ind 
that  it  is  required  to  determine  the  ^ 
cific  gravity  of  sulphur.  We  take  a  pieet 
of  sulphur,  weighing  less  than  125  grammes,  and  place  it  on 
the  pan  A,  and  then  add  weights  until  tlio  hydrometer  nub 
again  to  the  fixed  point  o.  If  it  requires  55  grammes  to  siiik 
it  to  the  fixed  point,  it  is  evident  that  the  weight  of  the  sul- 
phur is  125  —  55  ^  70  grammes.  Having  determined  the 
weight  of  the  sulphur  in  the  air,  it  only  remains  to  determine 
the  weight  of  an  equal  volume  of  water.  For  this  purpose,  m 
raise  the  hydrometer,  and,  without  disturbing  the  weights,  shift 
the  piece  of  sulphur  to  the  pan  C,  and  replace  the  instrument  io 
the  water.  It  will  not,  of  course,  sink  to  the  fixed  point ;  bo> 
cause  tlie  piece  of  sulphur,  which  is  now  submerged,  is  buoyed 
up  by  a  force  equal  to  the  weight  of  its  volume  of  water.  If, 
now,  we  add  weights  to  the  pan  A,  until  the  hydrometer  again 
sinks  to  the  point  o,  we  shall  find  that  34.4  grammes  are  re- 
quired. This  is  then  the  weight  of  its  volume  of  water,  and  tbtt 
specific  gravity  is  ^  =  2.03.      Representing  the    Buccessivs 


Fig.  ZU. 
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Weights  described  above  by  C,  W,  and  W', 
^Sp.  Gr.")  =  — jpT"'     If  '''6  iiistrument  is  to 


have  in  every  case 
used  for  sub- 


Btances  liglitcr  than  water,  a  perforated  cover  is  adapted  to  the 
paa  C,  to  prevent  them  from  rising  to  the  surface  of  the  liquid. 

2.  Fahrenheit's  Hydrometer.  —  This  instrument  (Fig,  247)  ia 
used  for  determining  the  specific  gravity  of  liquid,  and  differs 
from  the  one  just  described  only  in  being  made 
of  glass,  and  in  having  no  lower  pan.  In  using 
this  instrument,  we  commence  by  weighing  it 
in  a  balance.  Let  us  call  its  weight  C.  Then, 
having  placed  it  in  water,  we  determine  the 
amount  of  weight  required  to  sink  it  to  a  fixed 
point,  marked  on  the  stem,  which  we  will  rep- 
resent by  c.  The  sum  of  these  constant  weights, 
or  C  -\-  c,  is,  by  (141),  equal  to  the  weight 
of  the  water  displaced.  Wo  then  float  the  hy- 
drometer in  the  liquid  whose  specific  gravity 
we  wish  to  find,  and  determine  the  weight  re- 
quired to  sink  it  in  this  liquid  to  the  fixed  point. 
Call  this  weight  W.     Then  C -\-  IK  is  equal  \a  ri,  3*7. 

the  weight  of  tlie  liquid  displaced,  and   since 
C  ■]-  c  and  C  -^-W  are  the  weights   of  the   same  volumes  of 
water  and  the  liquid,  the  specific  gravity  of  the  liquid  is  easily 
found ;  since 


(S;,,<?r.)="-Jf. 


^  In  the  two  hydrometers  just  described,  the  volume  of  the 
instrument,  which  is  submei^od,  remains  constant  during  the 
experiment,  and  the  specific  gravity  is  determined  from  the 
amount  of  weight  required  to  keep  the  volume  constant  under 
different  circumstances.  The  hydrometers  in  most  general  use 
are  constructed  on  a  different  principle.  In  these  the  weight  is 
constant,  and  the  specific  gravity  of  a  liquid  is  determined  by 
measuring  the  volume  of  this  liquid  which  the  instrument  dis- 
places when  floating  in  it.  The  weight  of  tins  volume  is,  by 
(141),  the  same  as  the  weight  of  the  instrument.  If,  then,  we 
represent  by  Y'  the  volume  of  water  which  the  instrnment  dis- 
places when  floating  in  this  liquid,  and  by  V  the  volume  of  any 
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Other  liquid  which  it  displaces,  it  is  eyident  that  the  Tolmnes  f 
and  V'  of  the  two  liquids  have  the  same  weight,  namely,  that  of 
the  hydrometer.  But  it  follows  from  [56],  that  when  tlie  weights 
of  different  volumes  of  two  liquids  are  equal,  V  .  (^S^.Gf.)ss 
V  .  (Sp.  Gf.y.  When  one  of  the  liquids  is  water,  (/^.Gr.)'=5lf 
and  we  obtain,  for  the  specific  gravity  of  the  other  liquid, 

(Sp.Gr.)  =  y  .  [89.] 

From  this  it  appears,  that,  when  we  know  the  volumes  of  equal 
weights  of  water  and  any  given  liquid,  we  can  find  the  specifie 
gravity  of  the  liquid  by  dividing  the  volume  of  the  water  by  tho 
volume  of  the  liquid. 

3.   Gay-]jussac*s  Volumeter,  —  This  is  the  best  instrument  of 
its  class.     In  its  simplest  form  (Fig.  248),  it  consists  of  a  glass 

tube  closed  at  both  ends,  which  is  graduated 
into  parts  of  equal   capacity.     The  size  of 
the  parts  is  unimportant,  it  being  only  neces- 
sary that  they  should  all  be  equal.     The  d^ 
visions  are   numbered  from  1  to  100,  or  to 
150,  as  the  case  may  require,  commencing  at 
the  lower  end  of  the  tube.     Before  the  tube 
is  finally  closed,  it  is  loaded  with  mercury,  so 
that,  when  floating  on  water,  it  will  sink  to 
the  100th  division  on  the  scale  ;  or,  in  other 
words,  so  that  it  will  displace  100  measures  of 
water.     If,  now,  we  float  it  on  sulphuric  acid, 
it  will  only  sink  to  the  54th  division.     Hence 
100  measures  of  water  and  54  measures  of 
sulphuric  acid  have  the  same  weight,  and  the 
specific  gravity  of  sulphuric  acid  is,  Uiere- 
fore,  ^  =  1.85.     If  we  float  the  hydrome- 
ter on  alcohol,  it  will  sink  to  the  125th  divis* 
ion.     Hence  the   specific  gravity  of  alcobol 
is  \^%  =  0.80.     Since  a  definite  specific  grav* 
ity  corresponds  to  each  of  the  divisions  of  the  scale,  it  is  usual 
to  calculate  these,  and  inscribe  them  on  the  scale  in  place  of 
the  simple  numbers  denoting  the  volume.     The  instrument| 
when  so  prepared,  is  generally  called  a  densimeter.     As  there 
are  no  liquids  which  have  a  less  specific  gravity  than  0.60,  and 
only  two  (mercury  and  bromine)  which  have  a  greater  spedfie 
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graTitf  tliAn  2,  it  is  evident  that  the  divisions  on  the  Bcale  need 
only  extend  from  fiO  to  163.  It  is  iiot  usuaJ,  hovever,  to  have 
the  witole  khIc  oti  a  single  instrument,  and,  as  a  general  rule, 
tho  ecale  is  divided  over  three  separate  hydrometers.  The  first 
Dao,  for  liqaids  lighter  tlian  water,  is  graduated  Ixom  100  (cor- 
rMpo&diog  to  the  speoiHc  gravity  l.UO),  near  the  middle  of  the 
tube,  to  166  (corresponding  to  0.60),  at  the  top  of  the  tube  ;  tho 
■Dcoad,  for  saline  solutions,  is  graduated  from  100  (corresponding 
to  1.00),  at  the  top  of  the  tube,  to  75  (corresponding  to  1.33), 
ne&r  the  middle  ;  finally,  the  third  instrument  is  graduated  from 
75  (corresponding  to  1.33),  at  the  top  of  tho  tube,  to  50  (cor- 
responding to  2.00),  near  the  middle  of  the  tube.  In  graduating 
each  instrument,  it  is  so  loaded  that  it  shall  sink  in  water  to  tho 
100th  diviuon  of  the  centesimal  scale,  and  in  all  cases  the  spe- 
Hfle  gruvitics  are  subsequently  calculated,  and  inscribed  on  the 
^He  against  each  division. 

^pt  is  more  usual  to  give  to  the  hydrometer  the  form  rep- 
nwutcd  in  Fig.  249.  Tiiis  shortens  the  instrument  very  great- 
ly, KinCQ  the  volume  of  the  long  tube  in  Fig.  248  is  here  re- 
placed by  a  short  bulb.  The  principle  of  tho  two  forms  of  the 
iostrumcnt  is  precisely  Uie  same,  but  it  i»  more  difficult  to  grad- 
uate tlia  second  pattern.  The  easiest  oiethod  is  the  following. 
If  tJie  instrument  is  to  bo  used  for  liquids  heavier  than  vater, 
^m  6rst  load  it  with  mercury  until  it  sinks  to  a  point  A,  near 
^ft  top  of  tho  tube,  which  we  mark  100.  We  next  float  it  in 
Hbqaid  of  known  specific  gravity,  for  example,  1.333,  and  it  will 
rink  to  a  point  B.  Now,  by  [85],  1.333  =  '^5,  and  2=  75. 
This  division  is,  therefore,  the  75th,  and  we  divide  the  space 
between  iJie  two  into  23  equal  parts,  and  continue  the  divisions  of 
tfa«  »anie  eize  to  the  base  of  the  stem.  Each  of  these  divisions 
wilt  tiien  be  yjg  of  the  whole  volume  of  tho  apparatus  below  the 
lOOth  division  first  marked  at  A,  If  the  instrument  is  to  be 
tued  for  liquids  lighter  than  water,  we  adjust  it  so  that  the 
lOOtti  division  shall  be  at  the  base  of  the  stem,  and  then,  by 
^QAtiog  the  instrument  in  alcohol  of  known  specific  gravity, 
HiiriDine  «  higher  point,  and  then  divide  the  stem  as  before. 
Hi.  Baume's  Hydrometer.  —  This  hydrometer  belongs  to  the 
^Bp  class  with  that  of  Gay-Lussac,  but  it  is  graduated  in  a  man- 
^Hvhich  is  entirely  arbitrary,  and  does  not  indicate  the  specific 
^Hiiy  of  the  liquid.     There  are  two  methods  used  in  groduat- 


254 


CHEMICAL  PHTSICS. 


ing  it,  according  as  it  is  to  be  used  for  liquids  heavier  or  Ughts 
than  water.     In  the  first  case,  it  is  loaded  so  that  it  will  smk  in 
water  to  a  point  A^  near  the  top  of  the  stem,  which  we  mark  (f . 
A  second  point  is  now  obtained  by  floating  the  instrument  in  a 
solution  of  fifteen  parts  of  common  salt  in  eighty-five  parts  ot 
water.    This  solution  having  a  greater  specific  gravity  than  pare 
water,  the  instrument  rises  until  the  level  of  the  liquid  stands  st 
a  point  By  which  we  mark  15"*.     Lastly,  we  divide  the  distance 
between  A  and  B  into  fifteen  equal  parts,  and  continue  the  divis- 
ions to  the  bottom  of  tlie  stem  of  the  same 
size  as  one  of  these  parts.     It  is  essential 
that  the  diameter  of  the  stem  should  be  the 
same  throughout.     This  instrument  is  called 
Pese-Sels.      To    prepare  a  hydrometer  for 
liquids   lighter  than  water,   Baume  floated 
the  hydrometer  in  a  solution  of  ninety  parts 
of  water  and  ten  parts  of  common  salt,  and 
marked  the  point  to  which   it  sank  as  0". 
He  next  floated  the  instrument  in  water,  and 
marked  this  point  10".     The  interval  between 
these  points  he  divided  into  ten  equal  parts, 
and  continued  the  divisions  of  the  same  size 
to  the  top  of  the  tube.     This  instrument  is 
called  Pese-Liqueurs.     Although  the  graduation  of  Baume  is 
entirely  arbitrary,  yet  this  hydrometer  is  in  more  general  use 
than  any  other.     It  is  principally  used  for  determining  when 
a  solution  or  an  acid  has  reached  the  proper  degree  of  con- 
centration.   For  example,  it  has  been  found  by  experiment,  that 
in  a  well-manufactured  syrup  the  pese-sels  of  Baume  stands  at 
85"  when  the  liquid  is  cold,  and  also  that  in  the  strongest  sul- 
phuric acid  it  stands  at  66"  ;  so  that  the  instrument  enables  the 
manufacturer  to  tell  when  his  syrup  or  acid  has  reached  tlie 
proper  strength.     The  instrument,  therefore,  serves  as  a  useful 
indicator  in  the  arts,  but  it  has  no  scientific  value.     Correspond- 
ing to  each  degree  of  the  Baume  scale  is  a  definite  specific  grav- 
ity, which  can  be    found  by  referring  to  appropriate  tables, 
as  can  also  those  corresponding  to  the  degrees  of  the  scales  of  Car- 
tier  and  Beck,  which,  like  that  of  Baume,  are  purely  arbitrary. 

5.  Gay-Lussac^s  Alcoometer.  —  This  is  a  kind  of  hydrometer, 
which  is  used  for  measuring  the  strength  of  alcoholic  liquids. 
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The  form  of  the  instrument  is  precisely  tlie  same  as  that  of 
Itaume  ;  but  the  graduation,  which  is  made  at  15°,  is  differeut. 
The  scale  on  the  stem  is  divided  into  ouo  hundred  dL'grccs,  each 
of  wliich  represents  one  per  cent  of  pure  alcohol  in  volume. 
The  hydrometer  sinks  to  0°  in  pure  water,  and  to  100°  in  pure 
alcohol.  If  in  any  given  alcoholic  liquid  it  ginks  to  30°,  the 
liquid  contains  30  per  cent  by  volume  of  pure  alcohol.  The  in- 
ilrutneiit  is  graduuled  by  Qoating  it  in  liquids  of  known  strength, 
«nd  marking  the  points  on  the  stem  to  which  it  sinks.  It  is  only 
accurate  ol  the  temperature  of  15".  If  the  temperature  is  dif- 
leroul  from  this,  the  indications  of  the  instrument  must  be  cor- 
by  means  of  tables,  which  hare  been   prepared  for  the 


liero   are  a  great  variety  of  other  hydrometers,  which  are 
duated  so  as  to  give  the  strength  of  milk,  beer,  vinegar,  and 
■  liquids.      They  are  all  similar  in  principle  to  the  alco- 
t«r,  and  do  not  require  description. 

,  Rouiseau's  H//drometer.  —  All  the  hydrometers  which  have 

I  described  require  a  sufficient  amount  of  liquid  to  (ill  a  glass 

me  sixe  ;  but  there  are  many  cases  in  which  it  is  desirable 

xrtain  promptly  the  Epecific  gravity  of  a  liquid,  when  only  a 

nmes  of  it  can  be  obtained.  The  form 
tydrometcr  represented  in  Fig.  251  has 
I  contrived  by  Rousseau  for  this  purpose. 
Tha  ^leueral  form  of  tlie  instrument  is  similar 
to  ibe  others  which  have  been  described  ;  but 
it  diflon  in  having  on  the  top  of  the  stem  a 
fltnatl  cup,  A,  which  holds  the  liquids  to  be 
Qientod  «iH)n.  On  the  side  of  this  cup 
L  ntark  which  indicates  a  capacity  of  one 
i  centimetre. 

I  order  to  graduate  the  instrument,  it  is 
1  pure  water  at  4*,  and  loaded  with 
'  until  it  sinks  to  a  point,  B,  marked 
I  the  base  of  tlio  stem,  which  is  the  zero  of 
the  scale.  Tlie  cup  A  is  next  filled  up  to  the 
nark  with  distilled  water  at  4",  or,  what  amounts  to  the  same 
',  a  weight  of  one  gramme  is  placed  in  the  cup.  The  instru- 
t  is  w>  constructed  that  it  will  then  sink  to  a  point  near  tlie 
i]e  of  the  stem,  which  is  marked  20".    The  interval  be- 
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twcen  these  divisions  is  now  divided  ioto  twenty  equal  p&rU,  and 
the  divisions  are  continued  to  tlie  top  of  the  gtem.  Since  Uiis 
has  esiictly  tlie  same  size  througliout,  each  division  correEponib 
to  one  twentieth  of  a  gramme,  or  0.05  gram. 

According  to  this  graduation,  if  we  wish  to  obtain  the  doting 
of  any  liquid,  —  bile,  for  example,  —  wo  fill  the  cup  with  tha 
liquid  to  the  point  marked  on  the  side.  The  instrument  will  now 
gink,  perhaps,  to  the  20.5  division  on  the  stem.  The  weight  o( 
one  cubic  centimetre  of  bile  is,  then,  0.05  X  •20.5=  1.025  gram. 
Since  the  weight  of  the  same  volume  of  water  at  4°  ia  one 
gnmune,  the  specific  gravity  of  bile  is  1.025  -h  1  =  1.025.  In 
general,  then,  the  specific 
gravity  of  a  liquid  is  fouud 
with  this  iastnimcnt  b| 
multiplying  0.05  by  tlia 
number  of  the  diviMoii  ta 
which  it  sinks  in  water, 
when  loaded  with  one  cuino 
centimetre  of  the  liquid. 

The  iudicatious  of  all  hy- 
drometers are  very  much 
influeuced  by  capillary  at- 
traction, and  the  more  so 
the  more  delicately  theyaie 
constructed.  Tliey  ant  uvt, 
therefore,  instruments  of 
precision ;  but  lliey  are  use- 
ful, since  they  give  rapidly 
approximate  resulls. 

(148.)  Fourth  Method, 
—  A  fourth  method  of  find- 
ing the  specific  granty  of  a 
liquid,  which  may  be  ad- 
vantageously used  under 
certain  circumstances,  is  il- 
iustrated  by  Fig.  252.  It 
depends  on  the  principle  of 
the  equilibrium  of  liquids 
in  connected  vessels  (131). 
The  apparatus  consisU  of 
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ptnbcs  connected  above  with  each  other  and  with  the  chamber 

1  air-ej'ringo.    The  lower  ends  of  these  tubes  dip,  the  one  into 

s  of  water,  Bnd  the  other  into  n  glass  containing  tlie  liquid 

!  Kpecific  gravity  is  required.     On  partially^  exhausting  the 

■om  the  top  of  the  tubes  by  means  of  the  syringe,  the  liquids 

E  hm;  in  the  two  tubes.     If,  now,  we  close  the  stopcock  con- 

nug  witli  the  syringe,  the  liquids  will  stand  permanently  at  a 

1  height  in  either  tube.     Moreover,  it  is  evident,  from  the 

niclion  of  the  apparatus,  that  the  two  columns  of  liquid  are 

iguUibrium  with  each  other.     Using,  then,  the  notation  of 

W),  we  tiave,  from  [81], 

II :  H' =  1  :  (Sp. GrO ,    or    ( Sp. Gr.)  =  J' ;     [PO.] 

Ifs,  tb«  specific  gravity  of  the  liquid  is  found  by  dividing  the 
[ht  of  the  column  of  water  by  that  of  the  liquid.  The  heights 
Q  columns  may  be  measured  cither  by  means  of  a  scale  on 
iubfi,  or  by  a  cathetometer  (see  Fig.  19G).  If  the  liquid  were 
«I,  for  example,  and  tlio  height  of  the  water  column  meas- 
k  dOc.ta.,  the  height  of  the  alcohol  column  would  be  found 
75  cm.      Hence,   the   specific    gravity   of   alcohol 


Biioyancy  of  Z.itpu<U. 

,  exerting  all  his  force,  can  raise  a  weight  of  50  kilog. 
vbe  the  weight  of  a  sUme  (Sp.Gr,  ^  3.5)  which  he  could 
Ifler  water  ? 

V  much  force  in  kilo^rnmmcs  would  1)C  required  lo  raise  under 
a  of  aspbaltum  {Sp.Gr.  —  1.10)  weighing  500  kilogramiiies  ? 
.  How   xaoBj   kilogranunea  will    100    kilogrammes   of    ntst-iron 
-,  1—  7.25)  weigh  under  water  ? 
.  How  moch  will  the  some  amount  of  iron  weigh  under  aleoliol 

-  0.798)  ? 

.  If  a  given  piece  of  gold  be  balanced  by  its  weight  of  brass  in  n 

I,  what  nddilion  muiil  be  made  to  the  bnk^s  bo  that  they  may  be  in 

EbriiuD  when  immersed  in  water?  Sp.Gr.of  Brase8.55i  of  Gold  19.36. 

,  How  much  force  in  kilogrammes  would  be  required  lo  eustaia 

r  mcrenry  at  0°  a  cubic  decimetre  of  platinum  ?     The  epecific  grav- 

>  is  21J  i  Oiat  of  mercury,  13J98. 

22' 
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Floating  Bodies. 

112.  How  much  bulk  must  a  hollow  vessel  of  copper  fill,  weighing'  ooe 
kilogramme,  which  will  just  float  in  water  ? 

113.  How  much  bulk  must  a  hollow  vessel  of  iron  occopy,  weighing 
10  kilogrammes,  which  sinks  one  half  in  water  ? 

114.  A  boat  displaces  10  in.'  of  water.  What  is  the  weight  of  the 
boat? 

115.  A  cube  of  wood,  weighing  100  kilogrammes,  sinks  three  qoaiien 
in  water.  What  is  the  speci^c  gravity  of  the  wood,  and  what  is  the  size 
of  tjie  cube  ? 

116.  What  portion  of  a  cube  of  solid  iron  {Sp.  Gr.  —  7.7)  will  sink 
in  mercury  (^Sp.  Gr,  «  13.6)  ? 

117.  A  life-boat  contains  100  m.'  of  wood,  whose  specific  gravity  is 
equal  to  0.8,  and  50  ml'  of  air,  whose  specific  gravity  is  0.0012.  TVhen 
filled  with  fresh  water,  what  weight  of  iron  ballast,  whose  specific  graTitj 
is  7.645,  must  be  thrown  into  it  before  it  will  begin  to  sink  ? 

118.  If  the  specific  gravities  of  a  man,  of  water,  and  of  cork  be  1.120, 
1.000,  and  .240  respectively,  find  what  weight  of  cork  must  be  connected 
to  a  man,  weighing  75  kilogrammes,  that  he  may  just  float  in  the  water. 

119.  Determine  the  weight  of  a  hydrometer,  which  sinks  as  deep  in 
rectified  spirits,  whose  specific  gravity  is  0.866,  as  it  sinks  in  water  when 
loaded  with  4  gram. 

120.  A  ship,  sailing  into  a  river,  sinks  2  cm.,  and,  after  discharging 
12,000  kilogrammes  of  her  cargo,  rises  1  c.  m. ;  determine  the  weight  rf 
the  ship  and  cargo,  the  specific  gravity  of  sea-water  being  to  that  of 
fresh  as  1.026  is  to  1. 

121.  If  a  solid,  whose  specific  gravity  «-s  6,  float  in  a  liquid,  whose  spe- 
cific gravity  =  15,  determine  the  proportion  of  the  parts  immersed. 

122.  If  a  globe  of  wood,  when  placed  in  a  vessel  of  water,  rise  5  cnu 
above  the  surface,  but,  when  placed  in  a  liquid  whose  specific  gravity  is 
0.80,  ri.se  only  3  c  m.  above  the  surface  of  the  liquid,  determine  the  di- 
ameter of  the  globe. 

123.  Having  given  the  specific  gravities  of  iron  and  water,  determine 
what  proportion  the  thickness  of  a  hollow  iron  globe  must  bear  to  its 
diameter,  that  it  may  just  float  in  water. 

124.  A  parallelepiped  of  ice,  whose  three  dimensions  are  10.5  m., 
15.75  m.,  and  20.45  m.,  is  floating  in  sea-water  on  its  broadest  face ;  the 
specific  gravity  of  sea- water  is  1.026,  and  that  of  ice  0.930.  Required  the 
height  of  the  parallelepiped  above  the  surface  of  the  water. 

125.  A  cone,  1.5  m.  high  and  1.2  m.  in  diameter  at  the  base,  is  floating 
on  its  base  in  a  liquid  in  a  vertical  position,  and  sinks  in  it  20  d.  m.  How 
much  of  the  liquid  is  displaced  by  the  cone  ?  If  the  cone  is  inverted,  and 
made  to  float  on  its  apex,  how  deep  will  it  then  sink  ? 
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A  hollow  (^linder  of  iron  plale  is  2.5  m.  in  diamelcr  and  1.75  m. 
The  plate  is  1  ctn.  thiirk,  and  its  epeciSc  gravity  7.79.  Will  it 
L  trstcr,  and  if  eo,  liow  deep  will  i[  sink  when  its  axis  is  vertical  ? 

A  cube  of  lead  measures  4  c.  m.  on  each  aide.     It  is  required  to 

ii  under  WAli:r  by  «u»pcnding  it  to  a  cube  of  cork.  'VVliut  must 
size  of  a  cube  of  cork  wliicli  just  euslain^  it,  assuming  tliat  the 

gravity  of  cork  equaU  0.24,  and  that  of  lead  11. 3J  ? 

Eltuticit'/  of  Liquidi. 
138.  A  cubic  metre  of  water  is  eubmitled  to  a  pressure  of  16  atmos- 
phere*.    How  great  is  the  condensation  ?  and  what  is  the  specific  gravity 
of  the  condensed  liquid  ? 

129.  Ala  depth  in  the  ocean  of  a  Utile  over  5  kilometres,  the  pressure 
amounts  to  500  atmosptieres.  What  is  the  specific  gravity  of  the  water 
at  timt  depth,  assuming  that  the  ^pecilic  gravity  of  sea-water  is  1.026, 

rthe  compressibility  0.0000436  ? 
Hydrotlalie  Preu. 

130.  In  the  hydrostatic  press  are  given  the  diameters  of  the  two  cylin- 
ders d  and  rf",  and  the  force  applied  lo  the  pump  F.  Determine  the 
pressure  produced.  ' 

131.  In  the  hydrostatic  press,  suppose  the  diameters  to  be  4c. m.  and 
80  e,  tn.  respectively,  the  length  of  the  pump-handle  to  be  1  m.,  and  the 
distaDc«  of  the  pump  from  (he  fulcrum  of  ihe  handle  lOc.  m.     Deter- 

B  in  what  proportion  the  pressure  exerted  is 


-eight. 


^P       Pretsurt  exerted  by  Liquidi  in  Consequence  of  their 

"S  it  atnrmid,  in  Ihe/olloirinif  firuWrini,  that  tiquidi  are  iaeomprfnilile,  and  Itarjt  Ihal  iMr 

ipKifie  graeily  ii  not  incrtand,  hoioevrr  great  trntylv  Iht  praturt  lo  mliich  ihrgari  ezpuMid. 

132.  The  whole  pressure  on  the  bollom  of  a  tub  of  water,  the  radius 
of  whicb  is  30  c.  m.,  is  50  kilogrammes.  What  is  the  depth  of  the 
water  in  the  pail  ? 

133.  What  is  the  pressure  exerted  by  the  water  on  every  square  cen- 
timetre of  the  base  of  a  cylindrical  vessel,  in  which  the  liquid  stands  at 
the  height  of  10.33G  m.  above  the  base  ?  If  the  water  in  the  vessel  were 
replaced  by  mercury,  how  high  must  the  liquid  eland,  so  that  the  pressure 
ehuuld  be  the  same  as  before  ? 

134.  The  horizontal  and  circular  bottom  of  a  flask,  15  c.  m.  in  diame- 
ter, is  filled  with  mercury  to  the  depth  of  20  c  m.  How  great  is  the 
jireASure  on  the  bottom  ? 

.  What  height  must  a  column  of  water  have,  which  will  exert  a 
e  of  1,000  kilogrammes  on  every  square  decimetre  ? 
|8&  A  cubical  vessel  is  filled  with  water,  and  into  its  side  a  bent  tube 
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is  inserted,  filled  with  water,  and  commnnicating  with  the  water  in  the 
vessel.  Determine  the  pressure  on  the  top  of  the  vessely  the  Tertieil 
height  of  the  extremity  of  the  tube  above  the  vessel  being  (m)  times  tbe 
height  of  the  vessel. 

137.  A  sphere,  10  c.  m.  in  diameter,  is  sunk  to  the  depth  of  100  m.m 
a  fresh-water  lake.     Determine  the  total  pressure  exerted  on  its  BurfiMBi 

138.  A  cylinder,  15  cm.  in  diameter  and  20  c.  m.  high,  is  sunk  la 
that  its  centre  is  at  the  depth  of  1  m.  below  the  surface  of  the  water.  D^ 
termine  the  total  pressure  exerted  on  its  surface. 

139.  A  hollow  cone,  10  c.  m.  in  diameter  at  the  base  and  5  cm.  \a^ 
is  filled  with  water.  Determine  the  pressure  on  the  base  and  on  the  ooo- 
vex  surface.  Centre  of  gravity  of  convex  surface  is  in  the  axis  of  the 
cone  at  ^  of  the  altitude  from  the  base. 

140.  A  cylindrical  vessel,  10  c  m.  in  diameter  and  10  c.  m.  high,  is  filled 
with  water.   Determine  the  pressure  on  the  base  and  on  the  convex  snrftoe. 

141.  A  hollow  cone,  without  a  bottom,  stands  on  a  horizontal  plasei 
and  water  is  poured  in  at  the  vertex.  The  weight  of  the  cone  bong 
given,  how  far  may  it  be  filled  so  as  not  to  run  out  below  ? 

142.  A  hemispherical  vessel,  10  c  m.  in  diameter,  without  a  bottom, 
stands  on  a  horizontal  plane.  When  just  filled  with  water,  the  liquid 
begins  to  run  out  at  the  bottom.     Determine  the  weight  of  the  vessel . 

143.  A  straight  line  is  just  immersed  vertically  in  a  liquid.  Be* 
quired  to  divide  it  into  three  portions,  which  shall  be  equally  pressed. 

144.  Compare  the  pressures  on  the  three  sides  of  an  equilateral  tri- 
angle, just  immersed  in  a  liquid  in  such  a  manner  that  one  side  may  be 
perpendicular  to  its  surface. 

Specific  Gravity, 

145.  Determine  the  specific  gravity  of  absolute  alcohol  from  the  fol- 
lowing data :  — 

Weight  of  bottle  empty, 4.326  gram. 

"  "         filled  with  water  at  4'',         .         19.654      « 

"  «         fiUed  with  alcohol  at  0% .         .     16.741      « 

146.  Determine  the  specific  gravity  of  sulphuric  acid  from  the  follow- 
ing data  :  — 

Weight  of  bottle  empty, 4.326  gram. 

"  «         filled  with  water  at  4*,        .         19.654      « 

"  «         filled  with  sulphuric  acid  at  0*,     28.219      « 

147.  Determine  the  specific  gravity  of  lead  shot  from  the  foUowing 
data:  — 

Weight  of  bottle  filled  with  water  at  4®,        .  19.654  gram. 

«  shot, 15.456      « 

*^         bottle,  shot,  and  water,         .         .         83.766     «< 


'  TUG  TRItES  6TATE9  OF   UA.R 


U8.  IM(rnn!nu  ihi?  specillc  gravity  of  gold  from  the  following  diiUi:  — 
Weight  of  gold  in  air.     ....         4.213  gnun. 

Low  of  weight  in  water 0.2205    " 

149.  Drtennine  lh«  specific  gravity  of  hammered  copper  from  the  fol- 
lowing daui:  — 

►  Weight  of  copper  in  air,     ....     1.800  gram, 

-  "  iimicr  water,        .         .         1.G08      *' 

150.  I>elermine  the  specific  gravity  of  saltpetre  fKiio  Ihe  following 

Wright  of  Bijlpetre  in  oir,  .  .  .  .      1.216  gnim. 

**  "  under  alcohol,  .         .         0.734      " 

^B(N!afie  gravity  of  alcohol, ....     0,792      ■* 
lAI.  Determine  the  specific  gravity  of  ash  wood  from  liie  following 

Weight  of  wood  in  air,    .         .         .  25.3.i0  gram. 

"      "      a  copper  sinker,  .  .  1 1.000      " 

"      "      wood  and  sinker  under  water,  5.1  UO      " 

Specific  gravity  of  copper,         .         .         .       8.950      " 
lo?.  A  f-plicre  of  platinum  weighs  in  air  84  gram.,  and  in  laercary  St 
p%m-     Vr}int  is  the  specific  gravity  of  platinum  ? 
^_      153.  A  piet-e  of  metal  weighs  5.219  gram,  in  lur,  4.132  gram,  in  water, 
^HnA  4j009  grsni.  ID  a.  given  liquid.     Wliut  ia  the  specific  gravity  of  the 
^Katkl  and  of  Ihe  liquid  ? 

^r  IS-l.  A  body.  A,  weiglis  in  air  7,55  gram.,  in  water  5.17  gmm.,  in  an- 
ofber  liquid  5,35  gnun.  What  is  the  specific  gravity  of  the  body  and  of 
the  liquid? 

155.  A  body  weighg  14  gram,  in  a  vacuum  and  9  gram,  in  water ;  an- 
other weighs  8  gram,  in  a  vacuum  and  7  gram,  in  water.  Compare  their 
ipeeifie  gravities. 

156.  A  gtasa  ball,  weighing  10  gram.,  loses  3.636  gram,  in  water,  and 
S.B8  gmm-  in  alcoliol.     What  is  the  specific  gravity  of  alcohol  ? 

1 J7,  A  glass  hull,  weighing  10  gram,  and  whose  Sp.  Gr.  <-=  2.75,  weighs, 
uder  rape-seed  oil,  6.658  gram.    What  is  the  specific  gravity  of  this  oil? 

158,  A  glass  ball,  as  above,  weighs  under  water  6.364  gram.,  and  under 
atiDttier  lifiuid  7.12  gram.     What  is  the  specific  gravity  of  this  li<|uid? 

159.  A  roltimeln%  whose  stem  is  exactly  cylindrical,  sinks  in  a  liquid 
wbow  Sp.  Gr.  —  1.1  to  a  point  i,  and  in  pure  water  at  4°  C.  to  a  point  a. 
The  distance  froin  d  to  &  is  4  c.  m.  How  far  from  a  must  the  divisions 
)»  placed  lA  which  the  hydrometer  will  sink  in  liquids  whose  Sp.  Gr.  -• 
I.OI.  1.02.  1.03.1.04,  1.05. 

ISO,  A  etmilar  volumeter  sinks  in  a  liquid  whose  Sp.Gr.  =  j.  to  a 
poini  A,  anil  in  a  liquid  whose  Sp,  Gr.  ^  /'  lo  a  point  a,  lii|;lier  on  the 
•tcnu  What  i>  the  specific  gravity  of  a  liquid  in  which  it  ^nks  (o  an  lu- 
e  point,  d,  when  bd  -^  I,  and  a  b  =L 


262  CHEMICAL  PHYSICS. 

IGl.  A  column  of  water  1.55  in.  high  is  in  eqailibrinm  with  ft  eobmn 
of  liquid  2.17  m.  high.     What  i3  the  specific  gravitj  of  the  liquid? 

MiiceUaneout, 

162.  An  alloy  of  gold  and  silver  weighs  10  kilogrammes  in  air,  mi 
9.375  kilogrammes  in  water.  What  are  the  proportions  of  gold  and 
silver  ?     The  specific  gravity  of  gold  ■■  19.2,  of  silver  —■  10.5. 

1G3.  An  alloy  of  copper  and  silver  weighs  87  kilognunmes  in  thelir, 
and  loses  3.6GG  kilogrammes  when  weighed  in  water.  What  are  the  pro- 
portions of  silver  and  copper  ? 

1G4.  The  specific  gravity  of  zinc  is  7,  and  that  of  copper  9,  nearij. 
What  amounts  of  zinc  and  copper  must  be  taken  to  form  an  aUoy  wei«^ 
ing  50  gram.,  and  having  a  specific  gravity  equal  to  8.2,  •Maiming  that 
the  volume  of  the  alloy  is  exactly  the  sum  of  the  volumes  of  the  tvo 
metals? 

1G5.  Required  the  specific  gravity  of  a  mixture  of  18  kilogrammes  of 
sulphuric  acid  and  8  kilogrammes  of  water,  assuming  that  the  specific 
gravity  of  the  acid  is  equal  to  1.84,  and  that  the  volume  of  the  mixtnre 
is  condensed  ^, 

IGG.  Into  a  cylindrical  vessel  with  a  horizontal  base  10  cm.  in  diaa^ 
ter,  there  are  poured  1 2  kilogrammes  of  mercury.  At  what  height  will  the 
liquid  rise  in  the  cylinder  ?     The  specific  gravity  of  mercury  is  18.596. 

1G7.  How  much  mercury  will  a  conical  vessel  hold  which  is  87  cbl 
high  and  46  cm.  in  diameter  at  the  base  ? 

1G8.  A  cylinder  of  oak  wood  is  30  cm.  in  diameter  and  2.5  m.  long) 
the  specific  gravity  of  the  wood  is  1.17.  What  is  the  volume  and  the 
weight  of  the  cylinder? 

1G9.  A  cylindrical  vessel  is  3G.9  cm.  high,  and  24.6 cm.  in  diameter, 
interior  measure.  How  much  alcohol  of  specific  gravity  0.863  will  the 
cylinder  contain  ? 

170.  Leaves  of  gold  are  made  only  0.001  m.m.  in  thickness  ;  the  spe- 
cific gravity  of  gold  equals  19.632.  How  much  surface  can  be  covered 
with  10  gram,  of  gold  ? 

171.  A  cast-iron  ball  weighs  12  kilogrammes  ;  the  specific  gravitjof 
cast-iron  is  7.35.     What  is  the  radius  of  the  ball  ? 

172.  What  is  the  diameter  of  a  platinum  wire  which  weighs  28  gttm. 
for  each  metre  of  length  ?     The  specific  gravity  of  platinum  is  22.06. 

173.  A  silver  wire  125  m.  long  weighs  6  gram.;  the  specific  gravity  of 
silver  is  10.474.     What  is  the  diameter  of  the  wire  ? 

174.  In  a  capillary  tube  is  contained  a  column  of  mercQiy,  wei|^iiB^ 
0.500  gram.,  which  measures  13.700  c  m.  at  0°  C.  What  is  Uie  diaaeter 
of  the  tube  ? 

175.  A  wire  0.785  m.  long,  and  weighing  0.364  gram.,  loses  0.017 
when  weighed  under  water.    What  is  the  diameter  of  the  wire  ? 


:k  tbbeh  states  of  uatteb. 


in.  CflABACTERISTIO  PllOPEBTIKS  OF  Oa9E8. 
)  Mechanical  Condition  of  Gates.  —  The  peculiar  pfop- 
ttos  of  a  gas  Bcom  to  depend  oii  the  fact,  tlmt  the  rcpulsivo 
s  existing  between  its  particles  are  greater  than  the  attrac- 
tire  forces  (78).  Consequently,  the  pai'ticlcs  of  a  gaB  tend  to 
recede  from  each  other,  and  were  it  not  for  estraneons  causes  the 
!  would  cxpaud  —  so  far  as  is  known  — indefinitely  into  space. 
s  uataral  tendency  of  gases  is  restrained  on  the  surface  of  our 
[>(je  liy  llie  pressure  wliich  the  atmosphere  exerts  in  consequence 
F  its  weight ;  but  when  this  pres- 
g  is  removed,  the  expansive  ten- 
iac7  becomes  at  once  manifest. 
I  air  which  is  contained  iu  the 
lia-rub))er  bag  (Fig.  2oS),  for 
mple,  is  prevented  from  expand- 
;  by  the  pressure  of  the  atmos- 
pliere  on  ita  exterior  surface.  If, 
bowovtfr,  wo  place  the  bag  under 
the  roceivor  of  au  air-pump,  and 
remove  the  pressure  by  cshansting 
Itio  sir,  the  bag  will  at  once  ex- 
pand ;  and  tliis  expansion  will  con- 
lijiue  until  tlie  expansive  tendency 
uf  tlio  air  is  balanced  by  the  clas- 
Bity  of  the  bag. 

ETIte  foroe  with  which  a  gas  tends  to  expand  is  called  its  ten- 
•j  and  it  is  evident  that,  when  iu  a  state  of  rest,  the  tension 
nust  be  exactly  equal  to  the  pressure  to  which  it  is  ei- 
r  were  this  not  the  case,  tho  force  which  was  in  excess 
0  A  motion  in  tho  particles,  which  is  inconsistent  with 
k  Mpposition.  It  appears,  tlierafore,  that  in  a  gas,  as  in  a 
Iftiidi  the  particles  are  in  a  condition  of  equilibrium  ;  the  only 
Biireiiea  being,  that  in  a  liquid  the  cquilihrinm  exists  between 
ihe  attractive  and  repulsive  forces  in  tho  liquid  itself,  but  in  the 
goA,  liulween  tho  excess  of  repulsive  forces  iu  the  body  and  an  cx- 
lenuU  pressure.  In  consequence  of  tliis  condition  of  equilibrium, 
^  I  particles  of  gases  are  endowed  with  perfect  freedom  of  motion, 
I  arc  therefore  y^wiV/j  (117).  Moreover,  since  they  are 
;  (77)  aud  jtunderable  (7),  it  follows  that  all  those 
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properties  which  are  the  necessary  conseqnence  of  these  medno- 
ical  conditions  must  belong  to  gases  as  veil  as  to  liquids.  Tbae, 
aa  before  (lid),  naturally  divide  tbenuelres  into  two  cluKt: 
first,  those  which  are  independent  of  the  action  of  gravity ;  ud, 
BQCoudly,  those  which  depend  upon  it.  As  these  properties  hm 
been  so  fully  discussed  in  the  case  of  liquids,  it  will  only  bt 
necessary  to  extend  the  principles  already  established  to  the  cus 
of  gases. 

Properties  Common  to  Gases  and  Liquids. 

(150.)  Pressure  which  is  independent  of  the  Action  of  Grev- 

ity.  —  Let  us  now  suppose  that  the  vessel  (Fig.  254)  already 

described  (120)  is  filled  with  air,  instead  of  water.     As  thu  lir 

is  in  a  permanent  state  of  tension,  it  will, 

nin  consequence  of  its  elasticity,  exert  pK»- 
sure  in  all  directions;  and  it  is  evident, 
from  tlio  same  course  of  reasoning  uted 
in  the  case  of  water  (120),  that  the  pres- 
sures it  exerts  against  tbe  pistons  a,  6,  c,i 
will  be  proportional  to  their  areas.  la 
_   j^  like  manner,  the  same  will  be  true  of  any 

portion  of  the  interior  surface  of  the  ves- 
sel, and  also  of  any  ideal  section  in  the  interior  of  the  vessel.  If 
two  sections  are  equal,  they  will  receive  equal  pressures  ;  if  un- 
equal, the  pressures  will  be  proportional  to  their  areas. 

If  the  air  in  the  interior  of  the  vessel  is  in  the  same  condition 
as  the  external  atmosphere,  it  is  evident,  from  what  has  beea 
said,  that  the  pressure  of  the  air  on  the  interior  surface  of  the 
vessel  will  be  exactly  balanced  by  the  pressure  of  the  atmosphere 
on  the  outside.  The  piston,  therefore,  being  pressed  equally  on 
tlicir  inner  and  outer  surfaces,  will  have  no  tendency  to  mora. 
Tliis  being  the  condition  of  the  air  in  the  vessel,  let  us  suppose 
that  we  condense  the  atr  still  further,  by  pressing  in  one  of  tbe 
pistons ;  it  is  evident  that  we  shall  thus  develop  a  greater  elas- 
ticity in  the  particles,  and  each  particle  will  in  consequence  exert 
a  greater  pressure.  The  increased  pressures  now  exerted  against 
the  inner  surfaces  of  the  pistons  will  bo  proportional  to  the  num- 
ber of  gaseous  particles  in  contact  with  them,  or,  in  other  words, 
proportional  to  their  areas.  The  pressures  on  tlie  inner  sur- 
faces being  also  greater  than  those  on  tlie  outer  surfaces,  the 
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pistons  will  tend  to  move  out  with  forces  varying  iu  tlio  same 
proportion. 

From  these  considerations,  it  appears  that  p-ases,  like  liquids, 
Iransmit  pressure  equally  in  all  directions;  tlie  only  differonco 
being  this,  tliat  in  our  experiments  on  gases  wo  start  witli  a  cer- 
tain initial  pressure  due  to  their  permanent  elasticity.  Gases, 
like  liquids,  will  transmit  pressure  through  long  tubes  and 
through  any  passages,  however  circuitous,  provided  only  that 
there  is  a  line  of  gaseous  particles.  A  good  example  of  this  is 
furnislied  by  the  gas-pipes  of  large  cities.  Any  pressure  applied 
at  the  gasometer  is  transmitted  almost  instantaneously  through 
hundreds  of  miles  of  pipe  distributed  in  a  most  circuitous  man- 
ner over  several  square  miles  of  area.  The  close  resemblance 
which  gases  bear  to  liquids  is  also  shown  by  tlie  fact  tiiat  they 
transmit  pressure  from  one  to  tlie  other  indifferently.  We  shall 
have  occasion  to  notice  several  examples  of  this  farther  on. 

Since  the  proof  used  in  (121)  applies  to  gases  as  well  as  to 
liquids,  it  follows  that  the  line  indicating  the  direction  of  the 
pressure  exerted  by  any  gaseous  particle  against  the  section  with 
which  it  is  in  contact,  is  always  a  perpendicular  to  this  section 
at  the  point  of  contact. 

(151.)  Pressure  dependingon  the  Action  of  Gravity.  — The 
facts  iu  regard  to  the  pressure  exerted  by  liquids  in  consequence 
of  their  weight  are,  as  we  found  in  sections  (123)  to  (129),  all 
necessary  consequences  of  the  one  fundamental  property,  that 
they  transmit  pressure  equally  iu  all  directions  ;  and  it  therefore 
follows,  that  each  of  these  facts  must  bo  true  of  gases.  Let  us 
commence  with  an  ideal  case.  Suppose  a  closed  cylindrical  ves- 
sel, several  kilometres  high,  filled  with  air  of  the  same  density 
through  its  whole  extent,  and  rising  vertically  from  the  surface 
of  the  globe.  It  would  be  true  of  such  a  vessel,  that  the  pres- 
sure exerted  by  the  air  on  the  base  of  the  cylinder,  or  on  any  por- 
tion of  its  side,  or,  in  fine,  on  any  section  whatsoever,  would  he 
equal  to  the  weight  of  a  column  of  air,  the  area  of  whose  base  is 
equal  to  the  area  of  the  section,  and  whose  height  is  equal  to  the 
vertical  distance  of  the  centre  of  gravity  of  the  section  from  the 
top  of  the  cylinder.  Moreover,  the  pressure  on  any  given  sec- 
tion would  bo  entirely  independent  of  the  form  or  size  of  the 
Tessel,  provided  only  that  the  height  remained  the  same. 

This  last  circumstance  is  one  of  great  importance,  because  it 
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enables  us  to  extend  our  conclusions  at  once  to  the  case  of  the 
atmosphere.    The  atmosphere  is  a  mass  of  air  retained  upon  the 
surface  of  the  globe  by  the  force  of  gravitation,  and  risiug  to  a 
height  which  is  estimated  at  the  lowest  at  forty-seven  kilometies* 
It  is  supposed  to  have,  like  the  ocean,  a  definite  surface,  which, 
when  at  rest,  is  perpendicular  at  each  point  to  the  direction  of 
gravity.     It  partakes  of  the  rotation  of  the  globe  on  its  axis,  and 
would  remain  at  rest  relatively  to  terrestrial  objects  were  it  not 
for  local  causes,  which  produce  winds  and  disturb  at  each  mo- 
ment its  equilibrium.     Neglecting  these  disturbances,  we  may 
regard  the  atmosphere  as  a  gaseous  ocean  in  equilibrium  covering 
the  earth  to  a  certain  level,  and  exerting  the  same  effects  of  pres> 
sure  as  if  it  were  a  liquid  having  a  very  small  density.    It  fol- 
lows, therefore,  that  each  particle  of  the  air  exerts  a  pressure 
equal  to  the  weight  of  a  vertical  line  of  superincumbent  particlei 
rising  to  the  surface  of  the  atmosphere.     This  pressure  will  he 
constant  on  surfaces  at  the  same  level ;  it  will  increase  as  we  de- 
scend in  the  atmosphere,  and  diminish  as  we  rise  in  it.    At  any 
one  position,  it  will  be  equal  on  surfaces  of  the  same  area,  what- 
ever may  be  their  direction  ;  and  on  surfaces  of  unequal  area  it 
will  be  in  proportion  to  the  extent  of  the  areas.     It  will  be  tlw 
same  in  the  interior  of  any  vessel  or  room  as  in  the  outer  air, 
provided  only  there  is  a  connection  with  the  exterior  atmos^pheie 
by  some  aperture,  however  small.     Finally,  the  air  will  buoy  up 
all  bodies  immersed  in  it  with  a  force  which  will  be  equal  to  the 
weight  of  the  volume  of  air  displaced.     As  the  validity  of  these 
conclusions  has  already  been  established  in  regard  to  liquids,  it 
will  only  be  necessary,  in  the  case  of  gases,  to  illustrate  the  gen- 
eral facts  by  a  few  experiments. 

(152.)  Pressure  of  the  Atmosphere,  —  The  pressure  exerted 
by  the  atmosphere  on  all  bodies  near  the  surface  of  tiie  globe  is 
exceedingly  great,  amounting,  as  we  shall  soon  prove,  to  over  one 
kilogramme  on  every  square  centimetre  of  surface,  and  to  about 
16,000  kilogrammes  on  the  surface  of  the  body  of  a  man  of  or- 
dinary stature.  But  siAce  this  pressure  is  exerted  equally  in  all 
directions,  and  since  the  cavities  of  the  body  are  filled  either  by 
air  or  other  gases,  which  exert  a  pressure  on  the  one  surface  of 
its  delicate  membranes  exactly  equal  to  that  exerted  on  the  other, 
this  great  pressure  is  not  perceptible,  and  indeed  was  not  known 
to  exist  until  it  was  discovered  by  Torricelli  in  1643.     If,  how- 
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ever,  by  any  means,  we  can  remove  tho  ppcssuro  from  one  side 
ottly  of  a  membrane,  then  the  pressure  on  the  olher  side  will  be- 

rme  eTJdent, 
We  can  readily  remoTo  tlie  pressure  from  tho  interior  surface 
of  a  vesBel,  by  removing  the  air  by  moans 
^^^^  of  an  air-pump  (175),  and  thus  remov- 

HB^B  ing  tho   fluid  medium    through  which 

I  tlie  pressure  is  transmitted.     For  exam- 

■I  pie,  if  wo  remove  the  air  from  the  cylin- 

drical glaea  vessel  wliich  is  ^ep^eseu^ 
ed  in  Fig.  255,  resting  on  the  plate  of 
an  air-pump,  we  shall  also  remove  the 
pressure  from  the  lower  surface  of  tho 
thin  animal  membrane  which  covers 
and  closes  tho  cylinder  from  above. 
Then  the  great  pressure  on  tlie  upper 
surface,  being  no  longer  balanced,  will 
"■■"'■  exert  its  full  effect,  first,  by  depressing 

the  membrane,  and  afterwards  by  bursting  it,  if  it  bo  not  too 
Btrong. 

That  the  pressure  of  the  atmosphere  is  exerted  upwards  as 
well  aa  downwards,  may  be  further  illustrated  by  moans  of  the 
apparatus   represented   in   Fig.  2.56, 
It  consists  of  a  glass  vessel  supported 
on   a   tripod   stand,  having   a   large 
opening  below,  and  a  small  tubulaturo 
above.     The  lower  opening  is  closed 
by  a  bi^  of  India-rubber  cloth,  as 
represented  in  the  figure,  and  the  tu- 
bulalure  is   connected  with   an    air- 
pump  by  means   of  a  flexible  hose. 
bOu   exhausting   the   air,  the   bag   is 
^hressed  up  into  the  glass  vessel  with 
Hkfficicnt   force   to    raise    the    heavy 
^^eigbt  which   is    attached   to  it   by  riB.!sa. 

means  of  a  leather  strap.  By  modi- 
fying the  apparatus,  it  is  easy  to  show  that  the  pressure  is 
eserted,  not  only  upwards  and  downwards,  but  also  in  all  direc- 
tions. These  various  forms  of  apparatus,  however,  orilv  demon- 
strate the  existence  of  pressure.  Tliey  do  not  enable  us  to 
ipeasure  it. 


CHEMICAL  PHTBIC8. 


(15S.)  Buoi/ancr/  of  ike  Air.  —  The  general  fact,  that  tiit 
like  liquids,  buoys  up  all  bodies  immereed  in  it,  may  be  iUoi- 
trated  by  means  of  the  ai^)antna 
represented  iu  Fig.  257.  It  coo- 
gists  of  a  closed  globe  suspended 
to  one  arm  of  a  delicate  bnluee, 
equipoised  by  a  veight  suapend- 
ed  to  tbe  other.  The  two  are  in 
equilibrium  in  tite  air,  but  oolf 
because  the  globe,  being  loi^ 
tliau  the  weight,  is  buoyed  op 
by  a  greater  force.  If,  now,  the 
apparatus  is  placed  ui>on  the 
plate  of  an  air-pump  and  covend 
with  a  glass  bell,  we  shall  fiad, 
on  removing  the  air,  that  tbe 
globe  will  preponderate,  as  ii 
nf.«i.  shown  In  the  figure.     By  rentor- 

ing  tho  air,  we  increase  the  ap- 
parent weight  botli  of  tho  globe  and  of  tlio  counterpoise  by  jmt 
tlie  weight  of  the  air  displaced  by  each  ;  but  as  the  glolw  is  mudi 
the  largest,  we  increase  its  weight  more  tlian  tliat  of  tlie  smaller 
brass  couiitcrpoisc,  and  hence  tho  result.  If  we  allow  the  air 
to  re-enter  tlio  bell,  it  will  buoy  up  the  globe,  as  before,  so  much 
more  than  the  counterpoise,  as  to  restore  tlie  equilibrium. 

(154.)  Weiffhto/a  Body  in  Air.  —  An  important  conscquenoe 
of  the  principle  just  illustrated  is  evident.  The  balance  does  not 
give  us  tiio  true  relative  weight,  W,  of  a  body,  but  a  slightly  dif- 
ferent weight,  depending  on  the  weight  of  air  displaced  by  the 
body  compared  with  tlie  weight  of  air  displaced  by  the  brass  or 
platinum  weights  used  in  weighing.  A.s  the  volume  of  these 
weiglits  is  generally  less  than  tliat  of  tho  body,  the  weight  indi- 
cated by  the  balance  is  almost  always  too  small ;  but  when  tba 
volume  of  tho  weights  is  greater  than  that  of  the  body,  the  weight 
indicated  by  the  balance  is  too  lai^.  When  tlie  two  volumes 
are  equal,  the  balance  will  indicate  the  same  weight  in  air  as  in 
a  vacuum.  It  is  easy  to  ascertain  the  correction  which  it  is 
necessary  to  add  to  or  subtract  from  tlie  weight  of  a  body  in  air, 
in  order  to  obtain  its  tnic  weight. 
It  must  bo  remembered  that  the  brass  and  pla^Dum  wei^ts 
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^I'Xich  are  used  iu  delicate  determinations  of  weight  are  ouly 
'*-»ijidard  when  in  a  vacuum  (64),  Let  us,  then,  represent  the 
'^^•-■ious  values  as  follows  :  — 

W  =  weight  of  Ihe  body  in  air  as  estimated  by  Btandaril  weights,  and 
also  Ike  weight  of  the   standard  weights  ihcmselvea  ia  a 

^B    V  =  volume  of  the  Blandard  weights  in  cubic  centimetres. 
^F"     V    ^=   volume  at  the  body  in  cubic  centimetres. 

w    ^  weight  of  one  cubic  centimetre  of  air  at  the  time  of  tlie  weighing. 

W  =  weight  of  the  body  in  a  vacuum,  —  which  we  wish  to  find. 
^We  can  now  easily  deduce  the  following  values :  — 

»V'  w  =  buoyancy  of  air  on  the  weights. 
VtP    ^  buoyancy  of  air  on  the  body. 
W' —  V  w  =:  actual  weight  of  standard  weights  in  air, 
W  —  V  w  ^  actual  weight  of  body  in  air. 

Since  these  weights  just  balanced  each  other,  we  have 

r— Fw  =  IT'— Pw,  or  W=W-\-w(r—r').  [91.] 
The  correction  w  (  V —  V'),  which  mtist  be  made  to  the  weight 
determined  by  a  balance  in  air  iu  order  to  obtain  the  weight  in  a 
vacuum,  is  evidently  additive  when  the  volume  of  the  body  is 
greater  than  tliat  of  the  weights,  and  subtractivo  when  tliese  con- 
ditions are  reversed.  When  tlie  volumes  are  equal,  the  correc- 
tion becomes  0. 

In  all  ordinary  cases  of  weighing,  the  correction  is  so  small 
that  it  may  bo  neglected  without  sensible  error  ;  but  it  becomes 
of  the  greatest  importance  in  determining  the  wciglit  of  a  gas. 
In  such  cases,  wo  have  to  determine  the  weight  of  a  large  glass 
globe  when  completely  vacuous  and  when  filled  with  gas  ;  and  it 
not  uiifrequently  happens  that  the  buoyancy  of  the  air  is  greater 
than  the  weight  of  the  gas  itself,  and  it  is  always  a  considerable 
part  of  it.  If  the  buoyancy  of  the  air  is  the  same  wlien  the 
globe  is  weighed  in  its  vacuous  condition  and  when  filled  with 
gas,  it  would  not  affect  the  weight  of  the  gas,  which  would  be 
obtained  by  subtracting  the  first  weight  from  the  last.  But, 
unfortunately,  the  buoyancy  is  constantly  changing;  and  it  is 
therefore  necessary  to  determine  the  amount  carefully  at  eacii 
weighing,  and  reduce  tlie  weights  of  the  globe  in  the  two  condi- 
tions to  what  they  would  be  if  the  experimeute  had  been  made 
in  a  vacuum. 
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When  the  temperature  is  0**  C.  and  the  barometer  standi  at 
76  c.  m.,  and  when  the  air  contains  neither  vapor  of  water  nor 
carbonic  acid,  w  is  equal  to  0.001293  gram.  Were  the  ttmoi- 
phere  always  in  this  condition,  nothing  would  be  easier  than  ta 
calculate  the  actual  weight  of  a  body  from  the  weight  found  I7 
weighing  in  this  normal  atmosphere.  But  this  is  far  from  being 
the  case  ;  for  the  temperature,  the  pressure,  and  the  compoaitioii 
of  the  atmosphere  are  changing  at  each  moment,  and  the  valae 
of  w  varies  with  all  these  atmospheric  changes.  We  shall  here- 
after show  in  what  way  the  value  of  w  may  be  ascertained,  at  any 
given  time,  when  the  condition  of  the  atmosphere  is  known. 

It  is  frequently  possible  to  conduct  the  process  of  weighing  in 
such  a  way  that  the  correction  for  the  buoyancy  of  the  atmos- 
phere, always  some- 
what uncertain,  maj 
be  avoided.    For  ex- 
ample, in  weighing 
a    gas,    instead  of 
equipoising  the  glas 
globe  when  empty, 
by  means  of  ordina- 
ry weights,  we  may 
equipoise  it  by  means 
of  a  second  globe, 
hermetically  closed, 
and  having  the  same 
volume  as  the  first, 
in  the  manner  repre- 
sented in   Fig.  258. 
It  is  evident  that  in 
this  case,  whatever 
may  be  the  buoyancy 
of  the  atmosphere,  it 
will  equally  affect  both  globes,  and  we  shall  only  have  to  consider 
the  buoyancy  of  the  air  on  the  small  weights  necessary  to  restore 
the  equilibrium  after  the  globe  is  filled  with  the  gas  to  be  weighed; 
but  this  is  so  small  that  it  may  always  be  neglected. 

(165.)  Balloons.  —  If  the  weight  of  a  body  is  less  than  that  of 
the  gas  which  it  displaces,  it  is  evident  that  the  body  will  rise  in  the 
gas ;  and  hence  the  phenomena  of  floating  bodies,  which  we  have 
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uljr  studied  in  Uie  case  of  liquids  (140),  miiet  be  repeated  in 
I  COM  of  gases.  It  is  not  dlfVieuU  to  construct  a  body  which 
1  lie,  token  as  a  wjinle,  epecificttlly  lighter  tlian  aJr,  uiiil  which 
I  tlicrcfore  rise  in  tho  atmosjihcro  as  wood  rises  iii  water.  Hy- 
;«n  glut  is  14}  times  lighter  than  air,  and  by  enclosing  a  large 
no  of  thia  gas  in  a  light  l>ag  made  of  oiled  silk,  ealled  a 
3  shall  have  a  body  which  will  displace  a  weight  of  air 
1  greater  than  its  own  weight.  For  example,  lot  us  suppose 
iT].it  liio  balloon,  when  fully  inflated,  forms  a  sphere  two  me- 
-i  in  diameter.  It  is  easy  to  calculate  that  it  will  contain 
.  1^87902  m.'  of  hydrogen,  which  will  weigh  374.436  gram. 
^'^glco(tng  thu  Tolume  occupied  by  the  material  of  the  balloon, 
it  will  dis|)lacfi  an  equal  volume  of  air,  weighing  5,418. To  gram. 
TImj  diHerenco  between  tliesc  weights,  or  5,044.31  gram.,  will 
nt  tho  excess  of  tlie  buoyancy  of  the  air  over  the  weight 
iw  hydrogen  ;  and  hence,  if  the  balloon  and  Its  attachments 
|li  bss  than  this,  it  will,  when  inflated  with  hydrogen,  rise  in 
Mtoosphere.     Tho  diflTerwice  between  the  weight  of  the  bal- 

I  iuflatcd  with  hydrogen  and  that  of  the  air  displaced  by  it  is 
i  the  ascensional  force  of  tho  balloon.     If  the  balloon  is 

metres  in  diameter,  and  weighs  100  kilogrammes,  it  would 
k  ui  ascensional  force  of  530.5  kilogrammes,  and  thereforo 
kieuC  to  raise  a  car  with  several  passengers  into  the  atmos- 

II  pmotice,  a  balloon  is  never  at  first  more  than  two  thirds  filled 
I  hydrogen  ;  because,  as  it  rises  in  the  atmosphere,  tho  gas 
UI7  expands,  and  it  is  necessary  to  allow  for  this  expansion. 

r,  the  hydrogen  used  is  mixed,  to  a  greater  or  less  extent, 
1  air  and  vupor,  which  greatly  increase  its  weight.  Theise  causes 
isli  the  ascensional  force  to  such  an  extent,  that  in  practico 
ucensioual  force  of  a  balloon  ten  metres  in  diameter  would 
be  more  than  one  half  of  what  it  is  estimalcd  aliove. 
ioee  tlic  introduction  of  coal-gas  as  an  illuminating  material, 
I  i«  almost  exclusively  used  for  indating  large  balloons.  The 
nfic  gravity  of  this  gas  is  on  an  average  about  0.5,  and  it  is 
Only,  thurefore,  aliout  twice  as  light  as  air.  Ilenec,  in  order  to 
pblatii  the  same  ascensional  force  with  coal-gas  as  with  hydrogen, 
jtii  accessary  to  use  very  much  larger  balloons.  When  the  spe> 
B  gravity  of  a  gas  is  given,  it  is  easy  to  calculate  the  ascensional 
B  wliich  ia  any  given  cose  may  be  obtained  with  it. 
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Let  us  represent  bj  d  and  d'  the  specific  grayities  of  air  and 
the  gas  to  be  used,  referred  to  water  [58] ;  by  Wj  the  weight  of  the 
material  of  the  balloon  and  its  attachments;  and  hj  F,  itsTolume 
when  inflated.  Then,  by  [56],  we  have  for  the  weight  of  the 
gas  in  grammes  Vd'y  and  for  the  weight  of  the  air  it  displaces  Yd, 
Neglecting,  for  the  moment,  the  weight  of  the  balloon  itself,  we 
should  have  for  the  ascensional  force  F(d  —  c?).  Subtracting 
the  weight  of  the  balloon  and  its  attachments,  we  have,  for  the 
total  ascensional  force  JP, 

F=  V(d  —  d')—W.  [92.] 

If  the  balloon  is  a  sphere  of  which  R  is  the  radius,  then  ve 
should  have  for  the  value  of  F,  when  the  balloon  was  fully  in- 
flated, ^  n  i2%  and  for  the  value  of  JP, 

F=\nR^  (d  —  d'^—W.  [93.] 

When  the  gas  used  is  pure  hydrogen,  d  =  0.00129368,  and  cf « 
0.00008939.  Substituting  these  values,  and  also  for  n  its  wdt 
known  value,  the  expression  becomes 

F  =  0.00504431  R'  —  TF,  [94.] 

in  which  R  stands  for  a  certain  number  of  centimetres,  and  W 
for  a  certain  number  of  grammes. 

As  we  live  at  the  bottom  of  the  ocean  of  air  which  surrounds 
the  globe,  we  cannot,  from  the  nature  of  the  case,  imitate  with  it 
the  condition  of  a  vessel  floating  on  the  surface  of  the  water; 
but  with  other  gases  this  condition  of  things  may  be,  at  least  in  a 
small  way,  very  nearly  approached. 

The  large  fermenting-vats  of  breweries  and  distilleries  are  al- 
most constantly  filled  with  carbonic  acid  gas,  which,  being  heav- 
ier than  the  air,  remains  in  the  tank,  and  has  a  surface  like  that 
of  water,  although  it  is  not  quite  so  definite.  By  exploding  a 
little  gunpowder  in  the  gas,  and  thus  filling  it  with  smoke,  the 
surface  becomes  distinctly  visible.  A  very  illustrative  experiment 
can  be  made  at  such  vats,  by  allowing  soap-bubbles,  blown  with  a 
common  tobacco-pipe,  to  fall  on  the  gas  thus  clouded.  They  will 
for  a  few  moments  float  on  the  surface,  and  illustrate  in  a  most 
striking  manner  the  analogy  between  gases  and  liquids. 
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Differences  between  Liquids  and  Gases. 

^56.)  We  shall  fail  to  give  an  accurate  idea  of  the  nature 
of  a  gas,  if,  after  having  dwelt  upon  the  analogies  between  liquida 
and  gases,  we  do  not  point  out  those  qualities  which  distinguish 
these  two  conditions  of  matter. 

1.  Difference  of  Specijic  Gravity.  —  The  most  obvious  differ- 
ence between  gases  and  liquids  is  to  be  found  in  their  relative 
Weiglit.  A  litre  of  water  weighs  1,000  grammes,  and  the  weight 
or  ihe  same  volume  of  other  liquids  varies  from  000  to  3,000 
Brammes.  leaving  out  of  account  mercury  and  other  metals,  when 
'U  a  melted  state,  which  are  much  heavier.  Between  ibeso  limite 
*e  find  almost  every  jios6il)le  gradation.  One  litre  of  air  weighs 
1.294  gram.,  and  the  weight  of  one  litre  of  other  gases  varies 
Wtween  0,0S9  gram,  and  20  gram.  There  is,  therefore,  a  wide 
gap  between  the  lightest  liquid  and  the  lieavicst  gas,  but  yet 
this  difference  is  one  entirely  of  degree  ;  and  although  this  gap 
is  not  filled  by  any  known  substance  in  its  normal  condition  on 
the  globe,  yet  Natterer,  in  his  experiments  on  the  condensation  of 
gases,*  must  have  had  atmospheric  gas  in  cvory  degree  of  density 
between  its  ordinary  density  and  that  of  water. 

2.  Compressibility.  —  fJases  are  also  distinguished  from  liquids 
by  being  far  more  compressible.  When  Vjy  means  of  a  i>istun  we 
attempt  to  condense  a  liquid,  we  find  that  we  can  only  reduce  Its 
volume  very  slightly.  But  this  almost  insensible  diminution  of 
volume  develops  a  very  great  elasticity  ;  for  it  is  only  necessary 
to  reduce  the  volume  one  forty-five-millionth  to  produce  a  resists 
ance  equal  to  the  pressure  of  our  atmosphere.  It  is  different  with 
gases.  When,  for  example,  we  press  down  a  piston  into  a  cylinder 
containing  air  (Pig.  51),  it  is  necessary  to  reduce  the  volume  to 
one  half  in  order  to  double  the  resistance,  and  to  one  third  in 
order  to  treble  it.  As  the  pressure  is  increased,  the  volume  of  a 
gas  is  diminished  almost  in  the  same  proportion;  as  the  pressure 
is  diminished,  on  the  other  hand,  the  volume  of  the  gas  is 
proportionally  increased.  For  this  reason,  gases  are  frequently 
called  compressible,  and  liquida  incompressible  fluids ;  hut  here 
again  the  difference  is  one  of  degree  rather  than  of  kind. 
This  difference  of  compressibility  gives  rise  to  an  important  dif- 
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ference  of  condition  between  tlie  atmosphere,  regarded  as  in 
ocean  of  gas,  and  the  liquid  oceans  of  our  globe.  As  we  de- 
scend in  the  ocean,  although  the  pressure  increases  with  great 
rapidity,  yet  the  density  of  the  water  is  not  materially  increased. 
It  is  very  different  with  the  atmosphere.  As  we  rise  in  this  ocean 
of  gas,  the  air  becomes  less  dense  in  proportion  as  the  pressure  is 
diminished,  and  when  at  a  height  of  about  5,520  m.  the  pressure  is 
reduced  one  half,  the  density  is  also  reduced  one  half.  Od  the 
other  hand,  when  we  descend  into  mines,  and  the  pressure  from 
above  is  increased,  the  density  of  the  air  increases  in  the  same 
proportion.  The  atmosphere  does  not,  therefore,  like  the  sea, 
consist  of  a  fluid  of  nearly  uniform  density  throughout,  but  its 
density  very  rapidly  diminishes  as  we  rise  above  the  surface  of 
the  globe.  It  would  not,  then,  be  possible  to  have  a  cyliin 
drical  vessel  filled  with  air  of  uniform  density  tlirougkout  its 
whole  height,  as  we  supposed  in  (151).  Such  a  condition  of 
things  is  wholly  ideal,  and  was  introduced  merely  for  the  sake 
of  illustration.  Were  the  atmosphere,  like  the  sea,  of  nearly 
uniform  density,  its  height  would  be  only  about  eight  kilome- 
tres, instead  of  forty-seven,  as  already  stated.  The  pressure 
exerted  by  such  an  ideal  fluid  would  be  precisely  the  same  as 
that  exerted  by  the  atmosphere  ;  so  that,  while  merely  studying 
the  pressure  on  the  surface  of  the  earth,  we  may  conceive  of  the 
pressure  as  exerted  by  a  fluid  of  uniform  density,  without  com- 
mitting any  material  error  ;  but  it  must  be  remembered  that  the 
real  state  of  the  case  is  very  difierent.  We  shall  return  to  tlus 
subject  in  a  future  section. 

3.  Permanent  Elasticity.  —  We  have  already  dwelt  at  some 
length  on  this  property  of  gases,  which  distinguishes  them  pre- 
eminently from  liquids  (149)  ;  but  even  here  the  difference  is 
not  so  strongly  marked  as  it  would  at  first  sight  seem.  A 
simple  experiment  will  illustrate  this  point,  and  at  the  same 
time  make  the  distinction  between  the  two  fluid  conditions  of 
matter  clearer. 

Let  us  take,  then,  a  volume,  F,  of  water,  contained  in  a  vessel 
of  much  greater  capacity,  and  let  us  suppose  that  its  temperature 
is  100"",  and  that  it  is  exposed  to  a  given  pressure,  for  example 
of  ten  atmospheres.  If,  now,  we  diminish  the  pressure  succes- 
sively by  one  atmosphere  each  time,  the  volume  F  will  increase  by 
a  very  small  amount,  represented  by  F^,  at  each  operation.     As 
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,  hovrorer,  as  tlio  prcesuro  is  reduced  to  one  atniDsphere,  this 

f'Cf  exfMnsioii  cuascs  abruptly,  and  tho  water,  without  any 
Eiarmediato  transitiuu,  takes  a  vulumc  1,200  times  g;rcat(>r  thaa 
befuro,  cUaiiging  into  a  gas  having  all  the  propcrtieg  of  air,  and 
preserving  theso  properties  at  any  preesura  less  than  ono  at- 
Dtospners. 

Wo  may  now  reverse  this  experiment.  Let  us,  then,  increase 
tho  proKstinj  upon  this  gas  formed  by  water;  wo  shall  find  that, 
wheii  tlie  pressure  is  doubled,  tlie  volume  of  the  gas  will  be  m- 
duood  ono  half,  hut  as  soon  as  the  pressure  exceeds  one  ntmos- 
phere  it  will  suddenly  take  a  volume  1,200  times  smaller  than  he- 
ron), iwi  a  density  1.200  times  greater,  collecting  in  the  lower  part 
of  tlie  TfHscl  in  a  liquid  form.  After  this,  it  can  bo  compressed 
bat  Tory  fijightly  by  incroasing  pressures.  Wo  have  taken,  as  an 
etainpti:,  wiiter  at  100*,  because  the  change  of  state  which  it 
undei^ocs  at  this  temperature  is  a  familiar  fact  to  every  one. 
jHle  tuight  Itavo  cited  sulphurous  acid  gas,  which  liqueGes  at 
^^b*,  or  carbonic  acid  gas,  which  liquefies  at  — 78* ;  but  what- 
^Bxniglit  bo  the  body  examined,  the  result  would  be  the  same. 
^Hrliat  has  DOW  been  stated  in  regard  to  gases  may  be  summed 
Vphi  a  few  words.  They  are  bodies  constituted,  like  licjuids,  of 
molecules  which  repel  each  other,  bodies  which  transmit  pressuro 
equally  in  ail  directious,  which  arrange  themselves  under  the  inSu- 
floce  of  gravity  in  strata  whose  dcusity  and  elasticity  increase  as  wo 
doscend,  wliich  buoy  up  all  bodies  immersed  in  them  with  a  forco 
cqiud  to  Ut«  weight  of  the  fluid  displaced,  and  in  which  the  laws 
of  tho  e<)uilibrium  of  floating  bodies  are  reproduced.  These  are 
the  analogies.  On  tho  other  hand,  tlicy  are  bodies  having  a  very 
■mall  density,  obeying  a  special  law  of  compressibility,  and  which, 

'  .-n   submitted  to  a  sutlicient  pressure,  change  into  liquids.* 
h,  Utcn,  arc  the  characteristic  properties  of  gases ;  but  before 

ul/mg  these  more  in  detail,  we  must  consider  the  mode  by 
I  lbs  presmre  of  a  gas  may  be  accurately  measured. 


IfiT.)  Experiment  of  Torrkelli.  —  Before  the  middle  of  the 
Btceutii  century,  the  phenomena  which  we  now  refer  to 
mrc  of  tlio  air  were  explained  by  a  principle  invented 
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by  the  Aristoteleans,  namely,  that  ^^  Nature  abhors  a  TacoiuB." 
These  ancient  pliilosophers  noticed  that  space  was  always  filled 
with  some  material  substance,  and  that^  the  moment  a  solid  body 
was  removed,  air  or  water  always  rushed  in  to  fill  the  space  thus 
deserted.  Hence  they  concluded  that  it  was  a  universal  law  of 
nature  tliat  space  could  not  exist  unoccupied  by  matter,  and  the 
phrase  just  quoted  was  merely  their  figurative  expression  of  this 
idea.  When,  for  example,  the  piston  of  a  common  pump  was 
drawn  up,  the  rise  of  the  water  was  explained  by  declaring  that, 
as  from  tlie  nature  of  things  a  vacuum  could  not  exist,  the  water 
necessarily  filled  the  space  deserted  by  the  piston. 

This  pliysical  dogma  served  the  purposes  of  natural  philosophy 
for  two  thousand  years,  and  it  was  not  until  the  seventeenth  cen- 
tury that  men  discovered  any  limit  to  Nature's  horror  of  a  vacuum. 
Even  as  late  as  1644,  Mersenne  speaks  of  a  siphon  which  shall 
go  over  a  mountain,  being  then  ignorant  that  the  effect  of  such  an 
instrument  was  limited  to  a  height  of  ten  metres.     This  limit 
appears  to  have  been  first  discovered  by  Galileo.     Some  Floren- 
tine engineers,  being  employed  to  sink  a  pump  to  an  unusval 
depth,  found  that  they  could  not  raise  wafer  higher  than  ten  me- 
tres in  the  barrel.     Galileo  was  consulted,  and  he  is  said  to  have 
replied,  that  Nature  did  not  abhor  a  vacuum  above  ten  metres. 
However  this  may  be,  it  appears  that  Galileo  did  not  understand 
the  cause  of  the  phenomenon,  although  he  had  previously  taught 
that  air  has  weight ;  and  it  was  left  for  his  pupil,  Torricelli,  to 
discover  the  true  explanation.     Torricelli  reasoned  that  the  force, 
whatever  it  is,  which  sustains  a  column  of  water,  ten  metres  high 
in  a  cylindrical  tube,  must  be  equivalent  to  the  weight  of  the  mass 
of  water  sustained ;   and  consequently,  if  another  liquid  were 
used,  heavier  than  water,  the  same  force  could  only  sustain  a 
column  of  proportionally  less  height.     The  weight  of  mercury 
being  ISJ  times  greater  than  that  of  water,  Torricelli  argued  that, 
if  the  force  imputed  to  the  abhorrence  of  a  vacuum  could  sustain 
a  column  of  water  10  metres  high,  it  could  only  sustain  a  column 
of  mercury  13J  times  lower,  or  about  76  c.  m.  high.     This  led  to 
the  following  experiment,  which  has  since  become  so  celebrated 
in  the  history  of  science. 

Torricelli  took  a  long  glass  tube,  open  at  one  end,  such  as  etc. 
Pig.  259,  and,  having  filled  it  with  mercury,  closed  the  open  end 
with  his  thumb,  and,  inverting  the  tube,  plunged  this  end  into 
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^  "tisin  of  mercury.     On  removing  his  thumb,  tlie  mercury,  in- 

***ad  of  remaining  ia  tlie  tube,  fell,  as  ho  expected,  and  after 

*  few  oscillations  came   to  rest  at  a  height  of  alwut  "Gem. 

yHire  the  level  of  the  mercury 

'n  tlio  basin.     Tlia   correctness 

of  his  induction  having  been  thus 

com|JetoIy    verified,     Torricelli 

won  discovered  the  real  nature 

of  the  force  which  sastained  both 

the  water  in  the  pump  and  the 

mercury  in  his  tube. 

This  experiment  cscited  a 
great  sensation  among  the  sci- 
entific men  of  Europe  ;  hut,  as 
might  have  been  expected,  the 
explanation  given  of  it  by  Torri- 
celli was  very  generally  rejected. 
It  vas  opposed  to  a  long-estab- 
lished dogma,  and  Nature's  hor- 
ror of  a  vacuum  could  not  be 
6o  easily  ovci-corae.  The  cele- 
brated Blaise  Pascal,  however, 
liad  the  sagacity  to  perceive  the 
force  of  Torricelli's  reasoning, 
and  devised  an  expcrimenlum 
crueis  which  put  an  end  to  all 

controversy  on  the  subject.  "  If,"  said  Pascal,  "  it  be  really  the 
weight  of  the  atmosphere,  under  which  we  live,  that  supiiorts  tlia 
column  of  mercury  in  Torricelli's  tube,  we  shall  find,  by  trans- 
porting this  tube  upwards  in  the  atmosphere,  that  in  proportion 
as  it  leaves  Iwlow  it  more  and  more  of  the  air,  and  has  conse- 
quently less  and  less  above  it,  there  will  he  a  less  column  BOS' 
tained  in  the  tube,  inasmuch  as  the  weight  of  the  air  above  the 
tube,  which  is  declared  by  Torricelli  to  bo  the  force  which  sus- 
tains it,  will  be  diminished  by  the  increased  elevation  of  the 
tube."  ■  Accordingly,  Pascal  carried  the  tube  to  the  top  of  a 
church-steeple  in  Paris,  and  observed  that  tiie  height  of  the 
ircury  in  the  tube  fell  slightly ;  but,  not  satisfied  with  this 


r 


■  Lwdoer'i  Hsod-Book  of  NkIotkI  FhilMopbj. 
24 
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result,  he  wrote  to  his  brother-in-law,  who  lived  near  the  high 
mouutain  of  Puj  de  D8me,  in  Auvergne,  to  make  the  experimenl 
there,  where  the  result  would  be  more  decisive.  '^  You  see,"  he 
writes,  ^^  that  if  it  happens  that  the  height  of  the  mercurj  at  the 
top  of  the  hill  be  less  than  at  the  bottom,  (which  I  have  maoj 
reasons  to  believe,  though  all  those  who  have  thought  about  it 
are  of  a  different  opinion,)  it  will  follow  that  the  weight  and 
pressure  of  the  air  are  the  sole  cause  of  this  suspension,  aud  not 
tlie  horror  of  a  vacuum :  since  it  is  very  certain  that  there  it 
more  air  to  weigh  on  it  at  the  bottom  than  at  the  top ;  while  we 
cannot  say  that  Nature  abhors  a  vacuum  at  the  foot  of  a  moim- 
tain  more  than  on  its  summit."  M.  Pcrrier,  Pascal's  co^ 
respondent,  made  the  observation  as  he  desired,  and  found  a 
difference  of  nearly  eight  centimetres  of  mercury,  "  which,"  he 
replies,  ^'  ravished  us  with  admiration  and  astonishment."  * 

Pascal  still  further  varied  and  extended  the  original  experi- 
ment of  Torricelli,  and  deduced  the  theory  of  the  equilibrium  of 
liquids  and  gases,  which  he  left  almost  perfect. 

(158.)  Theory  of  the  Barometer.  —  It  is  hardly  necessaiy 
to  state  that  the  tube  of  Torricelli  is  the  instrument  which  it 
now  so  well  known  as  the  Barometer.  This  name,  indeed,  is  de* 
rived  from  two  Greek  words,  Pmpv^  and  fUrpov^  which  iudicale 
its  use  as  a  measure  of  the  pressure  of  the  air.  The  theory  of 
the  barometer  can  be  readily  deduced  from  the  principles  of  the 
equilibrium  of  fluids,  already  established.  The  mercury  is  sus- 
tained in  the  tube  by  the  pressure  of  the  air  on  the  surface  of 
the  mercury  in  the  basin.  Let  us  consider  how  much  of  this 
pressure  is  effective  in  producing  the  result. 

Consider,  then,  a  section  made  across  the  tube  at  the  level  of 
the  mercury  in  the  basin.  All  the  liquid  below  tliis  level  is  eri- 
dently  in  equilibrium  (130  and  131).  Represent  the  area  of 
the  surface  of  the  mercury  in  the  basin  by  S\  and  that  of  the 
section  of  the  tube  by  S.  The  pressure,  fj  exerted  by  the  air  on 
S',  is  transmitted  through  the  liquid  mercury  to  S.  The  pressoio 
thus  exerted  on  the  under  face  of  the  section  will  be,  by  [77},  as 
many  times  less  than  f  as  S  is  less  than  S\  or  S  '  S*  =  S :  S\ 

and  S=if'  o, .    For  example,  if  S'  =100c  m'  and  5  =  1  cTm?, 

*  Wheweirs  Histoiy  of  the  Indactire  Sciences,  Vol.  IL  pp  67,  68. 
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9^^  TfriT'  '^'•^  pressure,  therefore,  wliich  is  exerted 
air  on  the  lower  face  of  this  scctioa  is  the  same  as 
would  exert  if  applied  directly  to  the  sectiou  itself. 
is  pressure  just  sustains  a  column  of  mercury  whose 
wc  may  represwnt  hy  if,  it  is  evidently  just  equal 
preseore  exerted  by  this  column  on  the  upper  eiJe 
Mimo  section.  But  hy  [78]  tins  pressure  is  equal  to 
(^Sp.Cr.').  Substituting,  then,  for  ^).  Gr.,  the  value  for 
y  at  0*,  or  13.59(i,  we  havo  for  the  pressure  of  the  air  on  a 
urfaco,  S,  the  value, 

f  =  13.5%  .S.H,  [95.] 

:h  H  denotes  the  height  of  the  mercury  in  the  barometer 
For  aiiyothcr  height  we  should  have  f '^13.596.  S  .H\ 
CMiiparing  the  two  equations,  we  obtaiu 

£  ■.S'=H  :  H';  [96.] 

tiie  pressure  of  the  air  on  a  given  surface  is  proportional 

height  of  the  barometer  column.     We  may,  therefore,  use 

^il  of  tlie  Imrouieter  as  a  measure  of  the  pressure,  in  the 

my  that  we  use  au  arc  as  a  measure  of  an  angle,  or  weight 

easure  of  mass.     The  height  is  not  the  sajuo  sort  of  quan< 

the  pressure,  but  it  is  suHicieiit  for  any  measure  that  it 

be  proportional  to  the  quantity  measured.     It  is  there- 

istoinary  to  speak  of  the  pressure  of  the  air  as  amounting 

many  centimetres  of  mercury ;  meaning  thereby,  tliat  it 

Ipport  a  column  of  mercury  of  that  height.     Tlio  use  of 

imutcr  is  not  confined  lo  measuring  the  pressure  exerted 

atmosphere.     We  may  use  it  for  measuring  the  pressure 

by  any  gas ;  and  here,  as  before,  we  speak  of  the  pres- 

amouuting  to  so  many  centimetres  of  mercury.     When 

Mire  is  equivalent  to  seventy-six  centimetres  of  mercury, 

that  it  is  equal  to  one  atmosphere.     When  two,  three,  or 

MS  as  great  ae  this,  we  say  that  it  is  equal  to  two,  three, 

atmospheres. 

always  easy  to  reduce  pressure  expressed  in  centimetres 
Bttry  lo  weight.  For  tliis  purpose,  it  is  only  necessary  to 
te  in  [9.^]  the  values  of  H  and  £  in  the  given  case,  and 
lit  will  l>e  the  amount  of  pressure  in  grammes.  For  ex- 
in  tlitt  air  the  height  of  the  barometer  column  is,  on  the 
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average,  76  c.  m.     Substituting  this  value,  and  also  for  S,  1  clin-' 
ve  obtain 

f  =  1,038.296  gram. ;  [97.] 

which  is  tlio  pressure  exerted  by  the  atmosphere  on  every  squar^ 
centimetre  of  surface.  The  height  of  the  barometer  column  varied 
on  the  surface  of  the  earth  from  about  72  c.  m.  to  78  c,  m.,  ant^ 
hence  the  pressure  on  the  square  centimetre  varies  from  978.^ 
grammes  to  1,060.5  grammes.  The  total  pressure  exerted  byth^ 
atmosphere  on  large  objects  is  tJierefore  exceedingly  great;  lliaC 
on  a  man  of  ordinary  stature  amounts,  as  already  stated,  to  about; 
16,000  kilogrammes. 

Having  studied  the  theory  of  the  barometer,  we  will  now  ex- 
amine a  few  of  tlie  most  useful  forms  of  the  instrument,  pro- 
mising that  the  essential  parts  are  a  tube  over  Eevcnty-Bix 
centimetres  long,  a  basin  of  mercury,  and  a  graduated  scale 
for  determining  the  height  of  the  column. 

(159.)  Reg-nauU's  Barometer.  —  The  simplest  and  most  accu- 
rate form  of  tlie  barometer  is  the  one  represented  in  Fig.  2C0, 
which  was  invented  by  Regnault.  The  basin  of  mercury  is 
formed  by  an  iron  trough,  which  is  divided  by  a  partition  into 
two  parts ;  but  the  partition  does  not  rise  to  the  top  of  the  trough, 
and  is  covered  by  the  mercury  which  fills  the  basin.  The  basin 
is  supported  on  a  shelf,  attached  to  the  lower  part  of  a  wooden 
plank,  to  which  the  glass  tubes  are  securely  fastened  by  means 
of  clamps.  This  plank  is  itself  immovably  fastened  to  a  brick 
wall.  The  barometer  tube  at  the  left  of  tlio  figure  dips  into  the 
left-hand  compartment  of  the  trough.  The  tube  on  the  right  is 
called  a  manometer,  and  its  use  will  soon  bo  explained.  The 
height  of  the  mercury  in  the  barometer  is  measured  by  means  of 
the  cathetometer,  represented  ou  tho  right-hand  side  of  the  fig- 
ure, which  is  placed  on  a  firm  support  in  front  of  the  instrument. 
In  order  to  obtain  the  measure  with  tho  greatest  possible  accu- 
racy, a  vertical  screw,  M,  with  two  points  and  of  a  knowu  length, 
is  attached  to  the  basin,  as  represented  in  the  figure.  At  the  mo- 
ment of  observation,  we  lower  the  screw  by  turning  it  on  its  axis 
until  the  lower  point  just  touches  the  mercury.  This  contact  can 
be  obtained  with  the  most  perfect  precision,  for  until  it  takes  place 
tho  observer  sees  at  the  same  time  the  point  and  its  image  reflect- 
ed by  tlie  mercury.     Tho  two  seem  to  approach  each  other  until 


is  attained,  and  the  surrocc  of  the  mercury  is  seen  de- 
1  the  moment  tliis  point  is  passed.     T)ie  contact  obttuned, 
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ira  the  distance,  irith  the  cathetometer,  between  the 
nir&c«  of  the  mercury  in  the  tube  and  the  nppcr  point  of 
«w,  and  we  have  only  to  add  to  tins  lengtli  the  known 
of  the  screw.  Of  all  barometers  this  one  is  the  simplest, 
•11  methods  of  measnring  the  height  of  the  cohimn  the 
M  dcscrit>ed  is  the  best.  We  thus  meaenra  directly  the 
1  height,  and  it  is  no  matter  whether  tlie  tustrumenl  is  in- 
24- 
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clined  or  not.  We  tliiis  avoid  instniinciital  errors ;  ami,  mom- 
over,  with  a.  good  catlictomcter,  tbc  ditTerenco  of  lovel  csu  bt 
determined  witliiu  the  fiftieth  part  of  a  millimetre.  [ 

(160.)   Barometer  of  Furlin,  —  It  is  not  alwaj^s  pOBsiWe  to      \ 
fix  a  harometor  pormaiieutly  to  a  wall  in  tlie  way  just  dowiribed. 
Foi-  example,  iu  using  the  instramcat 
for  measuring  the  heights  of  momi- 
tains,  it  is  necessary  that  it  filiuuld  be 
portable  ;    and  williont   dimiiiiMiing 
materially  the  accuracy,  it  is  imfor 
tant  to  simplify  the  method  of  incas- 
uriiig    the    height  of    tlio    nicrenij 
column.     The  barometer  of   Fortia 
(Fig.   261)    satiefioa    completely  »11 
these  reqiiirenieuts.     The  glass  lube 
is  enclosed,  for  protection,  iu  b  brett 
case,  towards  the  upper  pari  of  wliich 
two   longitudinal  o- 
[>cniiigg  arc  proridfd 
opposite  to  each  oth- 
er for  obseiTiiip  ihe 
height  of  the  mcrtii- 
ry  column,  by  mcani 
of  a  scale  gradiuled 
on  tlic  case,  as  rilp- 
resented  in  Fig.  26i 
.\  vernier,  B  (7,moT« 
up  and  down  in  tlie 
opening,  and  its  po- 
sition  van    Im  cftK- 
fnily   regulated    by 
moans  of  the  rock 
and  pinion  work  represented  in  the  figure.     To  the  lower  end  of 
the  case  is  fastened,  by  a  screw,  tlie  reservoir  of  murcUTy,  ia 
which  the  glass  tube  dips,  as   represented  in   Fig.  2fi3.     Thw 
reservoir  is  formed  principally  by  a  cylinder  of  glaa*  ceinanted  at 
both  ends  to  wooden  caps  s«nnotmtcd  by  brass  mountingfi,  which 
last  are  kept  in  place  by  three  long  screws  (Fig.  26iy     Th* 
bottom  of  tiie  reservoir  is  formed  by  a  leathern  bag.  m  »  (Fig. 
263)v  which  can  be  raised  or  lowered  by  the  ecrow  C.    TaA 
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■  of  the  cylinder  is  fastened  an  ivory  pin,  a,  whose  point 
>oiids  exactly  to  the  zero  of  the  scale  graduated  on  ttie 
TIm)  reservoir  is  dosed  aijovo,  also,  by  a  loatlicrn  cover, 
mly  tied  both   to   the  gla^s   tu1)c  and  tlie 
"den  cap,  which,  while  it  prevents  llie  mer- 
from   escaping  when  the   barometer   is 
iversed,  nevertheless  gives  free   passage    to 
'the  air.     Ail  the  parts  of  the  reservoir  are 
represented  in  Fig.  264,  in  perspective,  un- 
screwed and  inverted. 

In  using  this  barometer,  it  is  first  suspended 
by  the  ring  C,  so  that  the  iustrninent  may 
swing  freely,  when,  lilto  a  phimli-liiie,  it  will 
come  to  rest  with  the  scale  perfectly  vertical. 
Next,  the  level  of  the  mercury  in  llie  reservoir  is 
brought  to  correspond  with  tlio  point  of  the 
ivory  pin,  by  turning  the  screw  C  (^Fig.  263)  in 
one  direction  or  the  other.  This  coincidence 
can  l)C  attained  with  great  accuracy  in  the  way 
already  described  in  the  last  section.  Since 
the  level  of  the  mercury  in  the  baein  now  co- 
incides witli  tlio  zero  of  the  scale  graduated  on 
the  brass  case,  it  only  remains  to  read  olT  the 
height  of  the  cohimn  of  the  mercuiy  in  the  tube 
by  means  of  the  scale  at  its  side.  For  this  pur- 
pose, tlie  vernier  is  raised  or  lowered  by  means 
of  the  thuml>-screw  until  its  lower  edge  is  just 
tangent  to  the  convex  surface  of  the  mercury 
iu  the  tube  (Fig.  262).  This  adjustment  can 
also  be  obtained  with  great  accuracy  by  sus- 
pending the  barometer  iii  front  of  a  hght  wall, 
sigliling  across  the  front  and  back  edge  of  the 
brass  tube  carrying  the  vernier,  which  moves  ''b.  em. 

witliiu  the  brass  case  of  the  instrument.     It 
only  remains,  then,  to  read  on  the  scale  the  position  of  the  ver- 
nier, to  obtain  the  height  of  the  barometer  within  a  tenth  of  a 
millimetre. 

A  great  advantage  of  this  form  of  barometer  is  the  facility  and 
safety  with  which  it  may  be  transported.  By  raising  tlie  screw  C 
sufficieHtly,  the  whole  interior  of  tlie  tulte  and  reservoir  may  be 
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filled  with  mercury,  and  then  the  instrument  may  be  lenmd 
and  transported  from  place  to  place  witbout  danger ;  and  «na  if 
tlie  tube  is  accidentally  broken,  it  is  always  possible,  with  alitAa 
skill,  to  replace  it. 

A  thermometer  is  always  attached  to  the  barometer,  onoe 
the  height  of  the  mercury  column  varies  slighUy  with  the  lent- 
peraturc  ;  for  heat,  by  expanding  the  mercury,  changes  sU^t- 
ly  its  specific  gravity,  and  on  this  the  height  of  the  column 
depends.  Tlio  standard  temperature  which  has  been  adopted 
is  0'  C,  and  all  barometrical  obscrratious  are  corrected  so  u  to 
reduce  them  to  the  standard  temperature.  A  table  for  applying 
tliis  correction  will  be  found  in  most  works  of  meteorology,*  lad 
the  metliodof  calculatingitwill 
be  explained  in  the  chapter 
on  Hoat.  A  second  correction 
is  also  required  for  capillarity, 
the  nature^  of  which  will  be 
explained  in  a  future  section. 
This  correction,  however,  is  a 
constant  quantity  for  the  same 
instrument,  and  is  generally 
allowed  for  by  the  instrument- 
maker  f  ill  adjusting  tlic  scale 
of  the  instrument. 

(IGl.)  Common  Barometer. 
—  Ilaving  described  at  length 
the  two  most  useful  and  accu- 
rate forms  of  the  barometer,  it 
will  not  bo  necessary  to  do 
more  than  allude  to  the  nu- 
merous modifications  of  tlie 
instrument  which  have  been 
devised  by  Gay-Lussac  and 
other  physicists,  for  the  pur- 
pose of  obviating  the  correc- 
tion for  capillarity.  Tliey  will  "■  "*■  '*'* 
be  found  described  at  length  in  the  large  works  on  physics. 
A  very  common  form  of  barometer,  which  is  much  used  as  ft 

•  Spc  Guyot'a  Mctttirologirnl  Tabid,  pabliihed  by  the  SmithMmlan  TnstiratiMi. 
t  Good  buotDCUin,  tika  the  one  dcacribed,  are  made  b;  Grceo,  ot  New  Toik. 
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Ether-indicator,  is  represented  in  Fig.  265.  The  glass  tube 
tbe  form  of  a.  siphon,  as  represented  in  Fig.  266.  When  the 
mercury  falJs  in  the  barometer,  it  must  of  course  rise  to  a  pro- 
portional height  in  the  short  arm  of  the  siplion,  and  it  raises  a 
float  resting  upon  it.  This  float  is  fastened  to  a  cord  which 
I>asses  round  a  wheel,  O,  and  is  attached  to  a  weight,  P,  on  the 
other  side.  The  motion  of  the  float  thus  communicates  motion 
to  the  wheel,  and  this,  in  its  turn,  moves  the  index  over  the  dial- 
plate  of  tlie  instrument.  Such  barometers  admit  of  no  precis- 
ion, and  are  of  little  value  except  as  ornaments, 

A  variety  of  barometer  depending  on  the  laws  of  elasticity 
'»a.s  already  been  described  (104),  and  is  represented  in  Fig.  267. 
■Another  form  of  barometer,  dif- 
jerejilly  constnictcd,  but  depcnd- 
**>g  on  the  same  principle,  is  the 
^teroid*  barometer ,  invented  by 
■"I.  Vidi.  Both  of  these  barome- 
*^rs,  on  account  of  their  small 
^olume  and  the  absence  of  any 
"ragile  material  in  their  construc- 
tion, are  very  portable.  They  ar-o 
■Very  sensible,  and  more  regular 
>n  their  indication  than  the  com- 
mon mercury  barometers,  especial- 
ly when  the  differences  of  pressure 
&re  not  great ;  but  tliey  cannot  be 
relied  upou  where  high  scientific 
accuracy  is  required.  They  can, 
mended  as  common  house  or  ship  barometers.  Since  the  elas- 
ticity of  the  metal  of  these  barometers  is  liable  to  cliangc  with 
long  use,  it  is  important  to  adjust  the  instruments  from  time  to 
time,  by  comparing  tliem  with  a  standard  mercury  barometer. 
In  case  of  disagreement,  they  can  easily  be  made  to  accord,  by 
tuniing  a  screw  provided  for  the  purpose. 

(162.)  Uses  of  the  Barometer.  —  The  barometer  is,  without 
qaestioQ,  one  of  the  most  useful  instruments  in  the  hands  of  the 
chemist.  The  volumes  of  the  gases  on  wliich  he  experiments 
are  liable  to  considerable  variations,  depending  on  changes  in  the 


,  however,  be  highly  recom- 


•  Fran  i  and  ifp^,  ■ 


^  noutm,  ilace  the  initrnment  is  canitrncied  witiiaat 
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pressure  of  the  atmosphere ;  the  boiling  points  of  liquids  vat  alio 
materially  influenced  by  them ;  and  it  is  therefore  essential  to 
observe  the  height  of  the  barometer  at  each  experiment,  and  to 
correct  the  results  by  reducing  them  to  that  which  would  have 
been  obtained  had  the  barometer  stood  at  76  c.  m.  at  the  time  of 
observation.  These  uses  of  the  barometer  will  all  be  explained 
in  future  sections  of  this  volume,  and  it  is  not  therefore  necea- 
sary  to  dwell  upon  them  here.  As  a  meteorological  instrument, 
the  barometer  is  the  most  important  means  of  investigating  the 
laws  of  the  changes  which  are  constantly  taking  place  in  the  at- 
mosphere, —  a  problem  which  is  of  the  greatest  interest  to  man- 
kind. This  atmosphere,  as  has  been  already  stated,  may  be 
regarded  as  a  great  liquid  sea,  and  its  waves  are  constantly  roUr 
ing  over  our  heads.  When  the  crest  of  one  of  its  immense  tidal 
waves  is  over  the  barometer,  the  instrument  rises,  and  when  the 
depression  follows,  the  barometer  falls ;  and  thus,  by  watching 
the  height  of  the  mercury  column,  we  are  able  to  follow  changes 
in  the  atmosphere  which  would  otherwise  escape  notice.  For 
many  years  the  height  of  the  barometer  has  been  registered  at 
stated  hours,  night  and  day,  at  a  large  number  of  meteorological 
stations  all  over  the  world ;  and  although  but  few  general  results 
have  been  obtained,  yet  sufficient  has  been  learned  to  warrant  us 
in  expecting  much  in  the  future. 

The  mean  height  of  the  barometer  during  a  year  at  any  one 
place  is  constant ;  but  it  varies  at  different  latitudes,  gradually 
increasing  from  the  equator  to  the  thirty-sixth  parallel,  and  tlienoe 
diminishing  to  the  pole.     During  the  same  day,  the  barometer 
undergoes  very  regular  oscillations,  which  are  greatest  at  the 
equator.     According  to  Humboldt,  at  the  equator  there  are  tvo 
maxima,  at  ten  o'clock,  morning  and  evening,  and  two  minima, 
at  four  o'clock,  morning  and  evening  ;  the  amplitude  of  the  ofr- 
cillation  during  the  day  amounting  to  2.55  m.  m.,  but  that  during 
the  night,  from  four  o'clock  in  the  evening  to  four  o'clock  in  the 
morning,  being  only  0.84  m.  m.     The  same  oscillations  are  no* 
ticed  all  over  the  torrid  zone ;  but  in  the  temperato  zone  they 
have  a  less  amplitude,  and  are  more  masked  by  accidental 
changes.     But  nevertheless,  by  comparing  the  means  of  a  large 
number  of  observations  continued  during  a  long  interval,  they 
can  be  detected,  and  nearly  at  the  same  hours.     It  has  been 
further  discovered  that  their  amplitude  is  variable,  being  greater 
in  summer  than  in  winter. 
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Be^ide8  titote  re^lar  oeciliatioiis,  the  bnrotncter  in  temperate 
cliiuaKs  is  liable  to  apparently  irregular  changes,  produced  by 
stonns  in  tbe  atmosphere.  As  9.  general  rule,  it  may  bo  stated 
tiiit  during  fair  weather  the  barometer  is  high,  while  it  is  geu- 
cnlly  very  much  depressed  during  a  rain-storm.  So,  also,  a 
8uddcu  fall  of  the  barometer  usually  indicates  the  approach  of  a 
Btonn;  and,  on  the  other  hand,  the  elearirig  up  uf  a  storm  is 
Inqiiciilly  preceded  by  a  rise  in  the  uiercuiy  column.     Hence 

Kof  Uie  most  valuable  uses  of  the  iustruiuont.  in  forewarning 
ttavigator  of  the  approach  of  a  storm.  Those  who  have 
icd  the  indications  of  the  barometer  know  that  they  are  fre- 
quently at  fault,  and  that  they  are  only  probably  correct.  It  is 
hardly  necessarj-  to  add,  that  tlw  words  "  Fair,"  "  Rainy,"  etc., 
vbieh  are  frequently  placed  against  certain  points  of  the  Ecale 
^COKUUoa  barometers,  have  no  further  foundation  in  fact  than 
:  has  just  been  stated,  and  are  therefore  simply  useless. 
mt  hits  DOW  been  said  to  show  the  importance  of  baromet- 
Tations  in  meteorology,  and  we  must  refer  to  the  works 
s  Kieoce  for  tlie  details  of  tlie  subject. 

Mariolte's  Law. 
063.)  Slatement  of  MarioUt's  Law. — We  have  already  stated 
I  oliey  a  special  law  of  compressibility.  This  law  was 
»vered  independently  by  the  AljbiS  Mariotte  in  France,  and 
ttiie  funouB  English  philosopher  Boyle,  during  the  last  half 
I  seventeenth  century.  It  may  bo  thus  stated:  The  vol- 
!  0/  a  given  weight  of  gas  is  inversely  as  the  pressure  to 
t  exposed ;  that  is,  the  greater  tbe  pressure,  the  smaller 
i  ttie  Tolume,  and  the  less  the  presstire,  tlio  larger  is  the  volume. 
Tliis  may  lie  illustrated  by  an  India-rubber  bag  holding  one  litre 
!'  air  or  any  other  gas.  This  is  exposed  to  a  pressure,  under  the 
rilinarT  conditions  of  the  atmosphere,  of  a  little  over  one  kilo- 
gramme on  every  square  centimetre  of  surface.  If  this  pressure 
if  doubled,  the  volume  of  the  bag  will  be  reduced  to  one  half;  if 
trebled,  to  one  tliird,  etc.  On  the  other  hand,  if  the  pressure  is 
reduced  to  one  liulf,  the  volume  will  be  doubled  ;  if  to  one  third, 
tbe  roiumo  will  bo  trebled,*  etc.  The  principle  is  expressed  in 
tical  langimge  by  the  proportion, 

Y  iV  =  H-  :  H,  [98.] 

■  W*  tnppow  tha  bag  to  hare  no  eUttidlj. 


2%  v*t.wri:  *^  *  ^k^ 


D  :  D  =  H  z  H  z  [».] 


l»»  >  y.^'^yjr.'.h'iAL  V/  tbe  aiiy:-»ii.i  of  irriiser  '•"Lirfc  is  eocnhB  (in 
d^.»;rT^.  ir.-i  ii*  'i^t.Kij.  &«  jti*t  rrc-T«.  jiff^ccortxical  to  die  pv- 
tnrH.  it  foiio^?  i;^:  f^^  xrtiskx  of  a  Tir^n  rt^vm^  ofns  is  dimiO§ 
as  tk€  yrt%turt  to  vrhirk  it  is  txposed;  c** 

W:W=H:H.  [lOO.] 

Tiif^ye  three  proportions  are  verj  important,  and  mill  be  eon- 
fttaiitir  referred  to  in  the  following  pages.  The  smdent  miisl  be 
canrfiil  Uj  notice,  that  in  [9^]  the  weight  of  gas  is  supposed  to 
Ui  cjjtiyVxuX  and  the  volume  to  varv.  and  in  [Iw]  the  vohmie  is 
yM]}]/f^'A  Uj  Uj:  conhtant  and  the  weight  to  vary.  It  is  tumeees- 
harjr  to  a^id,  that,  as  the  volumes  of  gases  vary  also  with  the 
t/;mfierature,  the  law  of  Mariotte  is  true  only  so  long  as  die 
t/jinfj'jrature  remains  constant. 

The  variations  in  the  pressure  of  the  atmosphere^  amoantiBg 
at  times  to  one  t'.'nth  of  tiie  whole,  necessarily  cause'equally  gnel 
clian^es  in  the  volume  of  gases  which  are  the  objects  of  cbemicil 
exff'.Tinient.  Hence,  in  order  to  compare  together  difierent  vol- 
unieH  of  ^fas,  it  is  essential  that  they  should  have  been  measured 
when  exiKiscd  to  the  same  pressure.  A  standard  pressure  has 
therefore  been  agreed  ufK)n,  that  measured  by  seventy-six  cen- 
timetres, U)  which  the  volumes  of  gases  measured  under  any 
other  pressure  must  always  Ijc  reduced. 

( 1 M.)  Kj'perimenial  Illustration.  —  The  law  of  compressibil- 
ity of  gases  may  be  readily  illustrated  by  the  following  experi- 
xnents,  which  were  devised  by  Mariotto  himself. 

For  pressures  greater  than  the  atmosphere^  we  use  the  appara- 
tus re[)resented  in  Fig.  2G8,  which  consists  of  a  glass  tube  bent 
in  the  form  of  a  siphon,  closed  at  the  end  J3,  and  fastened  to  a 
wooden  support.    At  the  side  of  each  arm  of  the  bent  tube  is 
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graduated  scale,  the  zero  point  of  tlie  tvo  scales  being  on 
borizontat  line.  The  seaXe  at  the  right  of  the  long  arm 
centimetres,  and  measures  the  heights  of  the  mcrcuiy 
columns,  while  that  at  the  left  of  tlio  short 
arm  measures  the  volume  of  confined  ga^  in 
the  closed  end  of  the  tu)>e.  In  commencing 
the  experiment,  mercurjr  is  poured  into  the 
tube  at  the  end  C,  and  by  inclining  the 
apparatus  is  brought,  with  a  little  manijm- 
latiou,  to  stand  at  the  zoro  point  on  both 
scales.  The  volume  of  air  con&ned  in 
tlie  tube  A  B  is  now  evidently  exposed  to 
the  pressure  of  tlie  atmosphere,  which  is 
equivalent  to  about  76  c.  m.  of  mercury. 
If.  now,  we  pour  mercury  into  the  tube  C 
until  the  difference  of  level  of  the  mercury 
in  the  tubes  is  76  c.  m.,  the  confined  air 
will  be  exposed  to  a  pressure  of  tvro  atmos- 


pheres, and  its  volume  wil 
half,  as  is  represented 
in  the  figure.     If  the 
tube  were  sufScicntly 
long,  so  that  wc  could 
make  the  difference  of 
the  two  columns  equal 
to  152  cm.,  the  vol- 
ume would  be  reduced 
toonethird.  Werethe 
difference  made  equal 
or  four  times  76  c.  m.,  the  volume 
'"be  reduced  to  one  fourth  or  one  fifth. 
pressures  less  than  an  atmosphere, 
tlie  apparatus  represented  in  Fig. 
isisting  of  a  barometer  tube  divided 
lie  centimetres,  and  a  deep  mercury 
(43  itio  side  of  which  is  fastened  a 
[Tided  into  centimetres  for  meas- 
diOerences  of  level.     The  e.\peri- 
commeoced  by  filling  the  barom- 
nearly  to  the  top  with  mercury, 


3  reduced  one 
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leaving  a  space  of  only  ten  cubic  centimetres  filled  iritfa  ur. 
The  tube,  being  closed  with  the  thumb  and  inverted,  is  sunk  in 
the  mercury  cistern  until  the  mercury  in  the  tube  and  the  cistern 
stands  at  tlie  same  level  and  at  the  tenth  division  on  the  tube. 
Tlie  confined  air  in  the  tube,  measuring  in  volume  ten  cubic 
centimetres,  is  now  evidently  exposed  to  the  pressure  of  the  at- 
mosphere, which  we  will  suppose  equivalent  to  76  c.  m.  of  me^ 
cury.  If,  now,  we  raise  the  tube  in  the  reservoir,  the  level  of  the 
mercury  in  the  tube  will  rise  above  that  in  the  cistern,  as  rep- 
resented in  the  figure.  The  confined  air  is  now  exposed  to  a  less 
pressure  than  76  c.  m.  by  exactly  the  difierence  of  level ;  because, 
as  can  easily  be  seen,  the  pressure  of  the  atmosphere  is  iu  part 
expended  in  supporting  the  column  of  mercury,  and  only  tlie  re- 
mainder of  its  pressure  is  exerted  on  the  confined  air.  When, 
therefore,  the  height  of  the  column  of  mercury  in  tlie  tube  aboTe 
the  mercury  level  in  the  cistern  is  88  c.  m.,  the  pressm^  on 
the  confined  air  is  76  —  38  cm.,  or  one  half  of  an  atmosphere, 
and  its  volume  will  be  found  to  have  doubled.  When  the  difkn- 
ence  of  level  is  equal  to  50.666+  c.  m.,  the  pressure  on  the  con- 
fined air  is  76  —  50.666+  =  25.3+  c.  m.,  or  one  third  of  an 
atmosphere,  and  its  volume  will  be  found  to  have  trebled.  When 
the  difference  of  level  is  equal  to  57  c.  m.,  the  air  is  exposed  to 
the  pressure  of  only  one  fourth  of  an  atmosphere,  and  its  volume 
will  be  found  to  have  quadrupled. 

(165.)  History  of  Mariotte's  Law.  —  Tlie  law  of  the  com- 
pressibility of  gases,  as  established  by  Mariotte,*  was  for  a  long 
time  received  as  absolute  and  invariable ;  for  although  Boylef 
and  Musschenbroek :(  found  that  the  compressibility  diminished 
with  the  pressure,  on  the  other  hand  Sulzer§  and  Robinson  I 
found  that  it  increased  with  the  pressure ;  and  these  obviously 
inaccurate  results  do  not  appear  to  have  diminished  the  general 
confidence  in  the  law.  In  1826,  Oersted  and  Swendsen  ^  re- 
peated the  experiments  of  Mariotte,  extending  tlieir  investigation 

♦  CEuvres  de  Mariotte,  (La  Have,  1740,)  Tom.  I.  p.  152. 

t  Boyle's  Defence  of  his  Doctriae  touching  the  Spring  and  Weight  of  the  Air. 
Works.  Vol.  I.  (folio.) 

I  Conrs  de  Physique,  (Paris,  1759,)  Tom.  III.  p.  142. 

f  Memoires  de  rAcad<5mie  de  Berlin,  1753,  p.  116. 

n  System  of  Mechanical  Philosophy,  Vol.  III.  p.  637.  Also,  Encydopiedia  Britis- 
nica.  Article  Pneumatics,  Vol.  XVI.  p.  700. 

Y  Edinburgh  Journal  of  Science,  Vol.  IV.  p.  224. 
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■  of  eight  Btmospticrcs,  and  apparently  confirmed  the 
_f  the  law  ;  for  aithongh  the  numbers  ihey  obtaiucd  in- 

i  greater  compressibility  than  would  accord  with  the  law, 
ey  atlriliuted  the  dilTcreiices  to  errors  of  observation.  They 
>artht  extended  their  investigation  to  greater  pressures  than 
gtDuisphcrGs ;  but  the  method  of  experimenting*  which  they 
jrod  vas  too  rude  to  estubliiih  the  absolute  accuracy  of  tbo 
iltlioiigh  it  was  siiltieiently  exact  to  show  tliat  the  law  wa^ 
ptiuatively  true  up  to  very  bigli  pressures. 

tlie  time  when  tho  law  was  tlius  universally  admitted  as 
Itely  accurate,  M-Despretzf  investigated  tho  subject  from  a 
uint  of  view.  Without  questioning  the  law  in  regard  to 
i  merely  songlit  to  ascertain  whether  all  gases  olwyod  ex- 
tlie  BaniQ  law,  or  whether,  when  submitted  to  the  same 

■o,  they  indicated  different  degrees  of  compressibility. 
Kperimcnts  were  conducted  in  the  following  way.  He  took 
lb«r  of  cylindrical  tubes,  closed  at  the  top  and  of  tho  same 
:,  and  filled  one  of  them  with  air,  but  the  rest  with  diflferent 
These  were  then  arranged  side  by  side,  standing  in  a  rea- 


t  of  mercury,  and  supported  against  a  graduated  scale, 
■ented  ia  Fig.  270.     The  apparatus  thus  arranged  was 


.-as  in- 


7  modeniPd  the  air,  bj  rocaniora  rorrr-pnmp,  inio  ihcchimbcrof  ui  Blr-eira. 

lUoTa  h>lanre  ihcf  itetermmrd  the  weight  of  air  iatroduTcd.  and,  knoning 

m  td  ibe  chamber,  th^  rtitWj  calcnlatcd  IM  rieniitj.    IibbiIt,  tiiej  dclenniiied 

B  of  (be  condensed  air  with  the  aid  of  a  lafriy-valrt.    This  tbItb  nt 

*  arting  on  lh«  arm  of  a  leypr  :  and  in  the  eipcrimcnM  the  wei^t 

until  the  elulic  force  of  the  confined  air  raiwd  the  valve. 

cnoe*,  8ecl.  I.  Tom.  VIII.  p.  sis.    Alio.  Annalea  da  Chimie  «t  de 

t,  Tom.  XXXIV.  pp.  3»,  U». 
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troduccd  into  a  glass  cylinder  full  of  water,  similar  to  that  repre- 
sented in  Fig.  271.  Tliis  cylinder  is  connected  with  a  small  force- 
pump,  by  which  water  may  be  forced  into  it,  and  a  pressure  thus 
exerted  on  the  surface  of  the  mercury  in  the  basin.  Before  com- 
mencing the  experiment,  the  level  of  the  mercury  is  made  the 
same  in  all  the  tubes  as  in  the  basin,  so  that  the  gases  thej 
contain  are  submitted  to  the  pressure  of  the  atmosphere.  On 
increasing  the  pressure  by  forcing  water  into  tlie  cylinder,  it  is 
evident  tliat,  if  the  gases  all  obeyed  Mariotte^s  law,  they  would 
all  suffer  the  same  amount  of  condensation  ;  for  example,  when 
tlie  pressure  had  reached  two  atmospheres,  the  volume  of  each 
gas  would  be  reduced  to  one  half,  and  so  on.  Moreover,  since 
the  tubes  are  perfectly  cylindrical,  an  equal  condensation  would 
be  indicated  by  an  equal  rise  of  the  mercury;  and  therefore,  if 
the  law  were  general,  the  level  of  the  mercury  would  be  the 
same  in  all  the  tubes,  however  great  the  pressure.  It  is  evident, 
also,  that,  if  tlie  law  is  not  absolutely  general,  the  apparatus  was 
exceedingly  well  calculated  to  detect  the  discrepancy ;  since  a 
very  slight  difference  in  the  level  of  the  mercury  could  easily  be 
distinguished.  In  fact,  Despretz  found,  on  increasing  the  pressure 
progressively,  that  the  mercury  rose  in  each  tube,  but  rose  un- 
equally. Carbonic  acid  gas,  sulphide  of  hydrogen,  ammonia  gas, 
and  cyanogen,  were  compressed  under  the  same  circumstances 
more  than  air,  and  the  difference  increased  as  the  pressure  was 
augmented.  With  hydrogen,  on  the  other  hand,  a  contrary  effect 
was  observed.  This  gas  acted  like  air  until  the  pressure  rose 
to  fourteen  atmospheres :  but  under  greater  pressure  than  this 
it  was  compressed  less  than  air,  and  consequently  maintained  a 
greater  volume. 

These  experiments,  in  which  errors  are  almost  impossible,— 
since  tlie  gases  ai-e  placed  under  identically  the  same  conditions^ 
—  proved  that  the  law  as  enounced  by  Mariotte  is  not  universal, 
and  that  each  g-as  has  a  sjK^cial  law  of  compressibility.*  More 
recently  these  results  have  l>een  confirmed  by  PouilIct,t  ^ho 
constructed  an  apparatus  on  a  similar  principle,  by  which  he  was 
enabled  to  continue  the  exj^oriment  up  to  very  great  pressures. 


•  OrtvtiM.  *.^\  »-:>..  l»ad  rivvionis^T  noticed  that  snlphnroas  acid  ptf  was  coodcBJcd 
IHOTV  :Ii.-«n  rtir.  wlion  #n*^n\iTtod  to  tho  sounc  pirssunp  in  an  apparatus  reiy  similar  to  ihi* 
t^oriN^l  «lw«* :  but  ho  attributi^i  the  phenomena  he  noticed  to  a  partial  condentfO* 
of  the  c^*  tv^  A  1i<)nid.  and  not  to  a  deviation  from  Mariottc^s  law. 

t  IVuillet*  Klements  dc  Thv^ique.  5*«  edition.  Tom.  I.  p.  339. 
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%xperimeiil8  of  Despretz  bad  proved  tliat  the  law  of  Mari- 
I  Dot  general ;  but  it  was  still  siippaeod  to  bold  true  of  air, 
tbo  guscs  of  which  air  consists.  This  opinion  was  soon 
tppuetitly  connrmcd  hy  the  cclebratcil  investigatiijii  of 
uid  Dulong  ou  tbe  clastic  force  of  steam  at  liigli  tcm|)Gr- 
,  made  under  ibc  direction  of  tbti  French  Academy  of  i^ci- 
U  ttic  request  of  tliG  government. 

pratimiiiaiy  to  the  luaiu  object,  tbese  distingnisbed  physi- 
letermiiied  the  amount  of  dimiiiutiou  of  volume  of  at- 
jrio  »ir  under  increasing  pressure  up  to  twenty-seven 
iheres.  The  mctliod  wbicb  tbcy  employed  was  precisely 
DU  ts  Uial  uf  Mariotte.  Tbe  volume  of  tbe  air  was  meos- 
I  ft  vertical  glass  tube  one  bundred  and  seventy  centimetres 
raduated  into  parts  of  equal  capacity,  and  forming  tlio  short 
an  inverted  siphon.  Tbe  pressure  was  ejccrted  by  means 
ilutan  of  mercury  in  a  glass  tube  twenty-six  metres  high, 
i;  tbe  longer  arm  of  tbe  siphon  ;  and  it  was  determined,  by 
ring  tbe  diflTerenco  of  level  of  tlio  mercury  in  the  two  tubes, 
louglt  this  apparatus  was  precisely  similar  in  principle  to 
Uariotte,  it  was  a  vast  improvement  upon  it,  and  would 
I  the  same  relation  to  Mariotte's  eimplc  tube  that  a  mod- 
irouometer  does  to  a  common  watch.  If  we  had  space,  it 
be  interesting  to  describe  the  apparatus  in  detail,  iu  order 
tbe  advance  which  was  made  in  espcrimeutal  science 
the  century  and  a  half  which  had  elapsed  since  tbe  death 
lgtt«  in  1G84  ;  but  we  must  refer  the  student  to  the  ongi- 
moir,*  which  was  presented  to  tbe  French  Academy  of 
«  on  the  30th  of  November,  1829. 

;d  ftiid  Dulong  made  tliree  diScrent  series  of  observb- 
lu  each  tiiey  commenced  witli  tbe  gas  in  tbe  measuring- 
inder  the  pressure  of  an  atmosphere,  and  condensed  it 
Rsivcly  by  increasing  the  column  of  mercury  in  tbe  long 
iiitil  it  attained  the  height  of  several  metres ;  and  after 
Mreaso  of  pressure  they  measured  the  volume  of  the  gas 
n  diflerence  of  level  of  tbe  mercury  in  tbe  two  tubes. 
of  these  series  of  eiperiments,  the  temperature  of  the  gas 
pt  constant  (at  13°)  during  the  whole  time,  and  tbe  pres- 


«  4c  rAp«1?niie  des  Scienco 
i,  r  8<rk,  Tom.  rLllI.  p.  74. 
25  • 
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sure  increased  to  twenty-seven  atmospheres.  It  was  the  best 
of  the  tliree,  and  we  have  copied  the  results  in  the  foUowing 
table  :  — 


Prearareln 

Atmosphere*. 

(Approxi- 

mate.) 

Pressare  in 

Centimetres  of 

Mercury. 

Tolnme 
Observed. 

Volume 
Calculated. 

IMflnuwtee. 

PlIWUflMMlV 
ObMHSl 

TetaM. 

1.00 

76.000 

501.300 

4.75 

861.248 

105.247 

105.470 

+0.22S 

0.002! 

4.94 

875.718 

101.216 

101.412 

+0.196 

0UW19 

6.00 

881.228 

99.692 

99.946 

+0.264 

0M» 

6.00 

462.518 

82.286 

82.380 

+0.094 

0.0011 

6.58 

500.078 

76.095 

76.193 

+0.098 

0.001S 

7.60 

573.738 

66.216 

66.417 

40.201 

0.0030 

11.30 

859.624 

44.808 

44.825 

+0.017 

0UW04 

18.00 

999.236 

87.851 

88.132 

+0.281 

ojvnA 

16.50 

1,262.000 

80.119 

30.192 

+0.073 

0U)024 

17.00 

M24.506 

28.664 

28.770 

+0.106 

0.00S7 

19.00 

1,466.736 

25.885 

25.978 

+0.09S 

OUNM 

21.70 

1,653.490 

22.968 

23.044 

+0.076 

ojoon 

21.70 

1,658.440 

22.879 

22.972 

40.093 

OUNMO 

24.00 

1,843.850 

20.547 

20.663 

40.118 

0.005t 

26.50 

2,023.666 

18.833 

18.872 

+0.039 

0.0020 

27.00 

2,049.868 

18.523 

18.588 

+0.063 

0.00S5 

The  first  column  gives  the  pressure  approximatively  in  atnooe- 
pheres  equal  each  to  seventy-six  centimetres  of  mercury.    The 
second  gives  the  exact  pressure,  as  observed  by  measuring  the 
difference  of  level,  and  subsequently  corrected  for  temperature 
and  the  compressibility  of  mercury.      The  third  column  gifcs 
the  observed  volume  of  gas  in  the  measuring-tube  under  the 
given  pressure,  which  was  kept  at  the  same  temperature  im- 
ing  the  whole  series  of  experiments.     The  fourth  column  gives 
the  volume  which  the  gas  would  have  under  the  given  pressnre 
if  Mariotte's  law  were  absolutely  true.     The  fifth  column  gives 
the  difference  between  the  observed  and  calculated  volumes. 
And,  finally,  the  sixth  column  gives  the  proportion  of  these  dif* 
fcrenccs  to  the  observed  volume.     It  will  be  noticed  that  the  dif- 
ferences are  in  all  cases  very  small,  seldom  greater  than  one  two- 
hundredth  of  the  observed  volume,  and  frequently  almost  nothing. 
Moreover,  it  will  also  be  noticed  that,  although  the  differences  are 
always  in  the  same  direction,  indicating  in  every  case  a  greater 
compression  than  that  required  by  Mariotte's  law,  yet  the  propor^ 
tion  of  these  differences  to  the  observed  tolume  does  not  increase 
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I  tha  pressure,  lU  would  naturally  be  expected,  if  they  were 
log  to  an  actual  deviation  from  tlie  law. 

iks  ill  niiy  investigation  of  natural  plienomena  it  is  impossible  to 
laure  quautitios  with  absolute  accuracy,  a  limited  aiuuunt  of 
r  in  tlio  obserrations  is  to  be  expected;  and  since  tbc  differen- 
ess  just  mentioned  are  very  small,  it  was  natural  to  conclude  that 
tlifiy  would  have  disappeared  if  the  measurements  could  have  beeu 
a  with  absolute  accuracy.     So  concluded  Duloiig  and  Arago, 

I  it  was  generally  conceded  that  the  validity  of  llie  law  of 
Iriottu  in  regard  to  air  bud  boon  fully  established  hy  their  in- 
[Ugotious.  There  were,  nevertheless,  strong  grounds  for  ques- 
tioning tlie  accuracy  of  this  conclusiou.  In  the  lirst  place,  there 
was  HO  reason,  in  tlio  nature  of  things,  fur  supposing  that  the  law 
»fMarioUe  was  absolutely  true;  and  since  it  was  not  exact  in 
tho  case  of  so  many  gases,  it  was  reasonable  to  conclude  that  it 
was  out  absolutely  so  in  the  cose  of  the  air.  In  the  second  place, 
tha  volumes  observed  by  Dulong  and  Arago  were  in  every  case  less 

ti  tlie  calculated  volumes,  a  fact  not  sufRciently  accounted  for  by 
coustruction  of  their  apparatus,  though  they  were  inclined  to 
Bte  that  it  was.    Then,  lastly,  their  method  of  experimenting 
open  to  serious  objections.    They  measured  the  volume  of  the 
by  means  of  a  graduated  scale  at  the  side  of  the  tube,  with  a 
■ee  of  accuracy  which  was  evidently  entirely  independent  of  the 
•  viiriDie  occupied  by  the  gas  In  the  tube,  whetlier  large  or  small. 
At  tlie  commencement  of  tho  experiment,  this  volume  occupied 
^^Jength  of  nearly  two  metres  ;  and  hence  any  error  which  could 
^^MlDiulcin  reading  tho  scale  would  be  an  insensible  portion  of 
^Hjp  whole  ;  but  when,  at  the  end  of  the  experiment,  the  pressure 
^Ku  equal  to  thirty  atmospheres,   the  volume  occupied  in  the 
tabo  a  length  of  only  one  fifteenth  of  a  metre,  so  that  the  same 
error  in  reading  the  scale  would  now  correspond  to  a  portion  of 
t  whole  volume  thirty  times  as  great  as  before,  and  might  be 
r  important. 
Oie  rcsulbi  of  Pulong  and  Arago  were  not  destined  long  to  re- 

II  UiB  last  word  of  physical  science  on  this  subject  The  French 
nrmnent,  in  1841,  ordered  a  revision  of  tho  principal  laws 
[  numerical    data  connected  with  the  theory  of  the   stcam- 

This  work  was  iutnistcd  to  Victor  Regnault,  and  the 
llts  of  his  investigation  occupy  nearly  the  whole  of  tho  twonty- 
t  Toluma  of  the  Memoirs  of  the  French  Academy  of  Sciences. 


CttE»lC.V^ 
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tho  law  of  Mariotte  in  opposite  directions.  Starting  from  a 
state  of  infinite  expansion,  at  which  both  would  exactly  obej, 
as  just  stated,  the  law,  it  would  be  found,  on  gradually  in- 
creasing the  pressure,  that  the  volume  of  the  air  diminished  in  a 
greater  proportion,  but  that  of  hydrogen  in  a  less  proportion,  than 
the  pressure.  Here,  then,  are  two  gases,  one  varying  from  the 
law  on  one  side,  and  the  other  on  the  opposite  side.  Between 
these  two  we  may  conceive  of  a  gas  which  sliould  have  a  com- 
pressibility exactly  conforming  to  the  law.  This  hypothetical 
gas  being  taken  as  the  limit,  we  have  on  the  one  side  a  class  of 
gases,  comprising  air,  nitrogen,  oxygen,  carbonic  acid,  etc.,  which 
have  a  greater  and  constantly  increasing  compressibility,  and  on 
the  other  side  a  single  gas,  hydrogen,  forming  a  class  by  itsdf, 
and  having  a  less  and  constantly  diminishing  compressibility. 
The  law  of  Mariotte  may,  therefore,  be  regarded  as  a  limit,  not 
realized  in  nature,  from  which  the  different  gases  deviate  on 
either  side  more  or  less,  according  to  their  nature,  as  well  as  a^ 
cording  to  the  pressure  to  which  they  arc  exposed. 

Some  experiments  of  Regnault  seem  to  show  that  the  class  to 
which  a  gas  belongs  depends  upon  the  temperature.  He  noticed 
that,  although  carbonic  acid,  as  shown  by  the  table,  deviates Terj 
markedly  from  the  law  of  Mariotte  at  the  temperature  of  0',  yet 
that  it  conforms  almost  precisely  to  it  at  the  temperature  of  100*. 
He  also  noticed  a  similar  fact  in  regard  to  air,  which  was  found 
to  deviate  from  the  law  much  less  at  an  elevated  temperature 
than  at  the  ordinary  temperature  of  the  atmosphere ;  and  be 
concludes  that  a  temperature  could  easily  be  attained,  at  which 
the  deviation  would  become  insensible  to  our  means  of  observa- 
tion. He  even  thinks  it  probable,  that,  at  a  very  high  tempera- 
ture, the  air  would  again  deviate  from  the  law  of  Mariotte,  hut 
in  the  opposite  direction,  namely,  that  in  which  hydrogen  devi- 
ates at  the  ordinary  temperature.* 

Generalizing  these  observations,  it  is  supposed  that  tho  tanic 
would  be  true  of  all  the  gases  belonging  to  the  first  class.    A* 
the  temperature  is  increased,  it  is  supposed  that  their  coniprcS' 
sibility  would  gradually  diminish,  and  that  they  would  finally 
conform  exactly  to  Mariotte's  law,  at  different  temperatureSt 
determinate  for  each  one.      If  the  temperature  were  pusheo 

*  Mcmoircfl  de  rAcad<5iiiie  des  Sciences,  Tom.  XXI.  p.  403. 
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beyond  this  limit,  it  is  supposed  that  they  would  deviate  anew 
from  the  law,  but  in  au  opposite  direction,  passing  over  into 
the  class  of  gases  of  which  at  tlie  ordinary  temperature  wo  have 
hut  one  example,  hydrogen.  On  the  other  hand,  since  hydrogen 
possesses  at  the  ordinary  temperature  of  the  air  the  cliaracter 
vhtuli  thoso  gases  have  at  a  higli  temperature,  it  is  natural  to 
conclnde  that,  hy  lowering  the  temperature  sufficiently,  wo  should 
hritig  this  gas  to  the  condition  in  which  they  exist  at  the  ordinary 
•cmperature.  We  should  expect  to  find,  that,  at  a  certain  degree 
of  Cold,  it  would  conform  exactly  to  the  law  of  Mariotte ;  and  that, 
8t  a  still  lower  temperature,  it  would  deviate  from  that  law  again, 
l"it  in  an  opposite  direction.  It  must  be  admitted,  however,  that, 
although  these  conclusions  are  in  couforraity  with  the  analogies 
of  Science,  they  are  based  upon  too  slight  experimental  data  to 
■aake  them  of  much  value  ;  and  further  experiments  on  the  com- 
pi'essibility  of  gases  at  high  temperatures  are  among  the  most 
'"iportant  desiderata  of  this  branch  of  science. 

^'itliin  the  last  few  years,  further  experiments  on  tho  condensa- 
''ori  of  air,  nitrogen,  oxygen,  hydrogen,  and  oxide  of  carbon  have 
■^oeii  made  by  Natterer  with  a  very  powerful  condensing-appara- 
tos,  with  which  ho  has  been  able  to  exert  a  pressure  of  nearly  three 
t'»ousand  atmospheres.  Even  with  this  immense  pressure,  he  did 
lot  succeed  in  condensing  these  gases  to  liquids;  but,  on  the 
contrary,  he  found  that  tlio  compressibility  in  all  the  five  cases 
*"as  less  than  that  required  by  Mariotte's  law.  From  his  results, 
tile  following  table  *  has  been  calculated  by  interpolation  :  — 


rnmxla 

Xointwervo 

db,b.O». 

Hydroj™. 

O.Tt«. 

N,«o^„. 

A,. 

NJII^D. 

1 
50 

1 
SO 

1 
60 

1 
50 

GO 

1 

GO 

IDO 

99 

100 

99 

100 

100 

»0 

39fl 

439 

381 

396 

413 

1,0M 

eiis 

695 

G19 

527 

S44 

Irl6» 

657 

1,S00 

776 

B90 

607 

eiT 

1,000 

899 

641 

661 

66» 

S,WO 

977.9 

63  i 

70* 

708 

»,7W 

1008 

705 

726 

727 

•  Thii  inble  is  ukcn  from  Lichig  und  Kopp,  Jahreabcrichl  flir  1854,  Scitc 
"h!!  lUDlts,  see  Wiod  Acad.  Iter.  XIL  199,  or  Fogg.  Ann.,  XCIV.  436. 
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Opposite  to  the  number  of  atmospheres  of  pressure  is  giyen  fiff 
each  of  the  five  gases  the  number  of  volumes  which  are  con- 
densed by  the  different  pressures  into  one  volume.  In  other  words, 
these  numbers  represent  the  number  of  volumes  into  which  one 
volume  of  the  condensed  gas  would  expand,  if  allowed  to  expand 
freely  under  the  pressure  of  the  atmosphere.  If  the  gases  fol- 
lowed the  law  of  Mariottc,  the  number  of  volumes  would  always 
be  equal  to  the  number  of  atmospheres  of  pressure.  According 
to  these  experiments,  the  number  is  very  much  lesis  than  this, 
showing  that  at  these  high  pressures  the  compressibility  is  very 
greatly  diminished.  It  will  be  noticed  that  these  results  are  in 
accordance  with  those  of  Regnault  in  regard  to  hydrogen,  but 
directly  opposite  to  them  in  regard  to  the  other  gases.  Since, 
however,  the  experiments  of  Natcrer  were  conducted  in  a  man- 
ner not  calculated  to  give  accurate  numerical  results,  they  re- 
quire further  confirmation. 

We  have  dwelt  at  some  length  on  the  history  of  Mariotte's  law, 
both  because  it  furnishes  one  of  the  best  examples  of  refined  sci- 
entific investigation,  and  also  because  it  illustrates  in  a  veij 
forcible  manner  the  character  of  a  very  large  class  of  the  so-called 
latcs  of  nature.     The  compressibility  of  gases  was  in  the  first 
place  studied  with  a  comparatively  rude  apparatus,  and  a  simple 
law  was  discovered,  which  was  accepted  as  the  absolute  truth. 
Later,  when  the  methods  of  investigation  had  become  more  ac- 
curate, it  was  found  that  the  law  was  not  general,  but  it  was  still 
maintained  in  regard  to  air,  until  finally  the  refined  experiments 
of  Regnault  proved  that  it  failed  here  also.    Still  the  law  remains 
as  an  ideal  truth  towards  which  nature  tends,  but  which  is  never 
fully  reached,  and  we  can  even  trace  the  action  of  the  agents 
which  produce  the  perturbations.    So  is  it  with  most  physical  laws. 
They  are  not  relations  realized  with  mathematical  exactness,  but 
ideal  truths  always  more  or  less  false  in  each  particular  case.     In 
another  place,*  the  author  has  termed  this  class  of  laws,  which 
are  merely  expressions  of  external  phenomena,  phenomenal  laws. 
In  some  few  cases,  as  in  the  law  of  gravitation,  we  have  been 
able  to  go  behind  the  phenomena  to  their  proximate  cause ;  and 
in  such  cases  the  very  variations  have  been  seen  to  be  neces- 
sary consequences  of  the  law  itself.     So,  possibly,  it  will  be  with 

*  Memoirs  of  the  American  Academy  of  Arts  and  Sciences,  Vol.  V.  p.  369. 
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tb«  Uw  of  Mariottc,  when  we  undcrstaud  the  constitution  of  the 

gueoHs  couditiun  of  matter.     But  oven  iit  regard  to  the  law  of 

grarilatiou,  there  always  have  been  residual  phenomena  uiiex- 

])l&ined  bjr  tbo  law,  and  so  probahly  there  always  will  be;  until, 

■     IB  ve  go  on   widening  our  geueraiizations,  tlio  last  gencraliza- 

^^Bp  of  all  brings  us  into  that  Presence  of  wliicb  all  natural  pbe- 

^^Kicna  are  tbo  direct  manifestation. 

^^^^KiC.)  Limit  to  the  Compressibility  of  Gases.  —  It  has  been 
n  •bovu  that  all  gases,  when  submitted  to  pressure,  are,  witb  one 
exception,  compressed  to  a  smaller  volume  tbau  that  calculated 
from  llie  law  of  Mariotte ;  and  we  have  also  seen  that  the  devia- 
tion from  tbo  law  increases  rapidly  with  the  pressure.  With  most 
gases,  however,  experiments  prove  that  the  compressibility  docs 
not  increase  iiidetinitoly  ;  but  tliat,  when  the  pressure  reat^hcs  a 
Mrlain  point,  the  gas  changes  into  a  liquid.  This  change  of  state 
takes  j)1ace  suddenly,  l)ut  it  is  preceded  by  tlie  increase  of  tbo 
compressibility  of  tlio  gas,  which  has  just  been  noticed,  and  wliidi 
■  ■'.•omi»  very  rapid  as  the  point  of  condensation  is  approached. 
-Otoe  persons  have  been  led  by  this  fact  to  the  opinion  that 
'.he  deviation  from  tbo  law  of  Mariotte  is  owing  to  a  partial 
litjucfiiclion  of  the  gas ;  but  tlic  experiments  of  Rcgnault  and 
DespretK,  already  cited,  tend  to  disprove  this  theory.  The  pres- 
s  under  which  the  condensation  to  tlio  liquid  state  takes  place 
tends  U|>on  the  nature  of  the  gaa,  and  also  especially  on  the 
bpenturc.  We  shall,  therefore,  defer  the  consideration  of  this 
)Ct  to  the  chapter  on  Heat. 

Application  of  Mariolte's  Law. 
fcl67.)  Pressure  of  the  Atmosphere  at  different  Heights.  — 
ning  become  familiar  witb  Mariotte's  law,  we  are  prepared  to 
ldy  the  variation  of  pressure  as  we  riiie  in  the  atmosphere, 
bch  has  been  already  noticed  in  (156.  3).  Tliis  question  is 
[d«nt]y  one  of  great  importance ;  because,  if  wo  can  discover 
I  law  by  which  the  pressure  varies,  wo  can  easily  deduce  from 
B  nbaerrations  of  the  barometer  made  at  different  heights  tlie 
liteuce  of  level  of  the  two  stations. 

It  is  evident,  from  the  nature  of  the  case,  that  the  density  of 

I  stmoophere  must  vary  constantly  with  the  elevation  above 

Inirfoce  of  the  earth,  and  hence  that  it  is  not  absolutely  the 

B  at  any  two  levels,  however  near  to  each  other.     Nevertho- 
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less,  for  convenience,  we  will  suppose  that  the  atmosphere  eofr 
sists  of  a  series  of  very  thin  concentric  layers,  having  a  conunoQ 
thickness,  which  we  will  represent  by  d ;  and  that  the  density  ii 
uniform  throughout  each  layer,  changing  abruptly  as  we  pass 
from  one  to  the  next.  Moreover,  in  order  to  reduce  the  ques- 
tion to  its  simplest  form,  we  will  suppose  that  the  temperatoie 
of  the  atmosphere  at  the  different  elevations  is  tlie  same,  and  it 
0**  G.  We  may  now  represent  the  different  quantities  to  be  used 
in  our  problem  thus :  — 

d  =  the  common  thickness  of  the  concentric  layers. 

Xx,3c^Xz  >•»•  x^  =  the  distances  of  the  lower  surfaces  of  the  sucoesdye 
layers  from  the  centre  of  the  earth. 

Ill,  H2,  JI3  > .» ,  /^  =  the  heights  of  the  barometer  in  the  successive  layers. 

(Sp,  Gr.)i,  (Sp,  Gr.)^ ....  (*§).  Gr.)^  =  the  specific  gravity  of  the  air  in 
the  successive  layers,  referred  to  mercury. 

We  have,  then,  for  the  thickness  of  the  first  layer,  x,  —  Xi  =il| 
and  for  the  fall  of  the  column  of  mercury  in  the  height  of  tlie  fiist 
layer.  Hi  —  H2.  It  is  therefore  evident,  that  a  column  of  atmos- 
pheric air  equal  to  x^  —  Xi  supports  a  column  of  mercury  equal 
to  ^1  —  H2.  Now,  since  the  air  acts  in  all  respects,  so  far  as 
regards  pressure,  like  a  liquid  of  a  very  small  specific  gravity 
(151),  it  follows  that  the  proportion  [81]  is  true  for  these  two 
columns  of  air  and  mercury.  Bepresenting,  then,  the  specific 
gravity  of  mercury  by  unity,  wo  have 

Hi  —  Hi  :  X,  —  Xi  =  (^Sp. Gr.), :  1, 

x^  —  Xi  a 

Moreover,  since  the  pressure  is  proportional  to  the  density  [99], 
it  is  also  proportional  to  the  specific  gravity ;  and  we  have,  for 
any  two  layers,  such  as  the  first  and  the  nth, 

iSp.Gr.-),:  C^.Gr.X=  Hi:  H., 
or 

(^Sp.Gr^i :  ^i  =  (5/7. Gr.), :  it. 

Representing  by  C  a  constant  quantity,  we  may  evidently  put 

CSp.Gr.\=CHi,     and     (^Sp.Gr.^^=C  H..       [102.] 

The  value  of  C  depends  upon  the  latitude  of  the  place  and  on 
the  conditions  of  the  atmosphere,  as  will  hereafter  be  shown. 
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Comparing  the  two  values  of  (^.Gr.).,  [101]  and  [102],  we 
obtaiu 

^iZZ^  =  Cn,,     or      H,  =  H,(1  —  Cd). 
Bj  the  same  course  of  reasoning  we  should  obtain 

We  can  in  like  manner  readily  form  the  following  tabic  :  — 

Xi  =0,  ffi  =  Hi. 

x^—xi  =  dy  H^^H,{l—Cd)  =  IT,{l—Cd). 

ar,  — X,  =  2£^  JI,  =  Ii:,{l  —  Cd)  =  H,{l—Cd)\ 

x^  —  xi=3d,  H,  =  H^{l  —  Cd)  =  H,{\  —  Cd)\ 

■        ••  •••  ••■ 

*.+  .— x,=nd;        H^^,^  K{\  —  C  d)  =  H,{\  —  C  d)\ 

The  values  dj2djSd  . . . .  ndy  which  represent  the  elevations 
above  any  given  level,  are  evidently  terms  of  an  increasing  arith- 
meUcal  progression  ;  and  the  values  of  IZj,  JEf^,  Hi....  H^j  which 
represent  the  pressures  at  these  elevations,  are  evidently  terms  of 
a  geometrical  progression,  —  since  each  value  is  formed  from  the 
preceding  by  multiplying  by  the  constant  quantity  (1  —  Cd^. 
Moreover,  since  the  value  of  this  quantity  is  less  than  unity,  the 
progression  is  decreasing. 

From  the  equation  JHi,+,s=  JEZl  (1 —  C  d)*^  we  can  easily  ob- 
tain a  formula  for  calculating  the  difTcrence  of  elevation  from  the 
height  of  the  barometer  at  any  two  stations.  Taking  the  loga- 
rithms of  the  two  members,  this  equation  becomes 

log  JS^^.,  —  log  Hi  =  n  log  (1  —  C  d)y  or,  developing, 

=  n  ^(—Cd—iC'd'  —  iC'd'  — ....-). 

We  have  assumed  that  the  common  thickness  of  the  atmospheric 
layers  (d)  was  only  very  small.  We  may  now  pass  at  once  to  the 
actual  condition  of  the  atmosphere  by  making  d  infinitely  small. 
The  d*,  €^  . . . .,  being  all  infinitely  less  than  e/,  may  be  taken  at 
zerO|  and  tlie  equation  becomes 

logH,^,  — log  H^  =  —  nd-j^; 

or.  chanring  the  signs  of  all  the  terms, 

Q 

log  H  —  log  jEt  + 1  =  n  £f  -^ ; 
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from  which  can  be  easily  deduced 

In  this  formula,  nd  is  obviously  the  sum  of  the  thicknesses  of  tbe 
infinitely  thin  layers  between  the  levels  of  the  two  stations,  ant 
is  therefore  the  quantity  required.  We  will  represent  it  by  x* 
M  is  the  modulus  of  the  common  tables  of  logarithms,  or 
2.302585*  C  is  the  constant  already  mentioned.  H»,  is  the 
height  of  the  barometer  of  the  upper  station,  which  we  can  more 
conveniently  represent  simply  by  h ;  and  Hx  the  height  at  the 
lower  station,  which  we  can  more  conveniently  represent  by  H 
The  formula  then  becomes 

x  =  \og^.^.  [108.] 

The  constant,  C,  in  this  equation  is  a  quantity  which,  multi- 
plied by  the  height  of  the  barometer,  will  give  the  specific  grav- 
ity (relatively  to  mercury)  of  the  air  in  which  the  barometer  is 
immersed  [102].  We  shall  hereafter  have  occasion  to  show  that 
the  weight  of  one  cubic  centimetre  of  air,  and  hence  also  its  spe- 
cific gravity,  varies  not  only  with  the  pressure  Jff,  but  also  with 
the  elastic  force  of  the  vapor  which  it  contains,  with  the  tempersr 
ture,  and  with  the  intensity  of  the  force  of  gravity  at  the  place 
of  observation.  All  these  circumstances  must,  therefore,  modify 
the  value  of  the  constant  C  If,  however,  we  reduce  the  condi- 
tions to  their  simplest  form,  and  suppose  that  the  temperatnie 
is  0®  C.  at  both  stations,  that  the  place  of  observation  is  on  the 
parallel  of  45^,  and  that  the  atmosphere  is  one  half  saturated 

with  vapor,  we  have,  for  the  value  of  the  constant,  -^  s=  18,836 

metres ;  and,  neglecting  the  variation  of  the  intensity  of  gravity 
with  the  elevation,  [103]  becomes  f 

a;  =  log  ^18336  =  log  IT  18336— log  h  18333  ;        [104.] 

♦  Some  writers  use  as  M  the  reciprocal  of  this  valae. 

t  It  is  evident  that  these  conditions  are  never  realized  in  the  atmosphere.  The  tem- 
perature diminishes  vcrv  rapidly  as  we  ascend ;  and  the  force  of  gravity  varies  with  the 
elevation,  as  well  as  with  the  latitude  of  the  place  of  ol)sen-ation.  In  the  pnictictl 
application  of  this  method  in  dctcrmininp  diflfcrenccs  of  level,  it  is  necessanr  to  pajie- 
pard  to  all  these  cirrnmstnnrrs.  The  eminent  mnthemfltician  La  Place  ralralatcd  a 
formula  for  finding  the  value  of  x,  iu  which  all  tho  causes  which  ma/  modify  tbe 


wm 


in  vlilch  Hand  h  denote  the  liciglit  of  the  barometer  in  millime- 
tres, ir,  further,  we  euppose  tliut  the  lower  station  is  at  the  sea 
level,  and  that  the  barometer  at  this  level  is  at  its  meau  height, 
or  TOO  m,  m.,  the  formula  becomes 


52,822.6  metres  —  log  A  18336. 


[105.] 


wr«  of  llie  different  Invcra  of  the  > 

tb«  lecien  denote  the  roElowin^  tbIi 

tr  =^  hoight  of  baromeior  al  tho  lower  slntio 

r*  "=  Imipi'nilunj  of  Imrometcr  at  iho  lower 

(     ^3  loiDpeniUirt:  of  the  lur  at  tho  [owcr  siai 

il  the  upper  ilniio 

''   =  tempi^nitun!  of  Iho  air  at  the  uppir  Btu 

*  =UlltuileofthoplRcoofob6rrTBiion. 

*  "^^  in  the  fourth  factor  tiicapproximnLc  I: 
"n^  tmuula  of  La  Place  is  then  its  follow 


sphere  have  been  coiuidcred.    In  tliia  fDrmula, 


ight  determined  from  the  pre' 


I 


■>=Ibgi/  I8CI3G  — logi'  18336  —  (T—  T')  1.28*3]  X 


(1  +0.002GScoa 


'■"'ch  docs  not  differ  mnlerinllv  fram  the  complex  equntion  of  the  Jfc.iBiflPB!  GjMte 
i'S^ttTOS  de  L«  Place.  Tom.  IV  p.  328,  PBris,  184ft).  The  tormf  nnri  tiitoni  of 
■''o  fomula  have  b«n  nnmbcrcd  for  the  sake  ot  ivrureauc  The  first  two  ttrms  are  tha 
""leu  in  [104|,  and  giva  the  appnisimaio  elevation.  The  third  term  if  a  correction 
""■  the  difference  of  temperature  of  the  mercnry  colunitis  at  the  »I»liong.  The  correct- 
^  *J^lude  is  now  lo  ba  multiplied  by  three  factors.  The  first  (marked  *)  corrects  it 
'<•*■  the  diJTercnce  of  temperature  of  the  air  at  the  two  stations;  the  second  (5),  for  the 
*yi«lion  of  gravity  with  the  latitude ;  and  the  third  (6),  for  the  rariation  of  gravitr 
*''-*h  tho  elevation.  The  calculation  of  the  value  of  x  is  rendered  exceedingly  eaay  by 
""win  of  a  set  of  tables,  originalty  prepared  by  Oltmans,  which  are  given  in  the  Anna- 
"''^  dt  Bamaa  da  Lo«giladet  of  ParJA.  Similar  but  more  extended  Ubies,  calculated 
"y  J>elcros,  Guyot,  and  Loomis,  are  contained  in  the  collection  of  Meteorological 
^^hlu  ptnpored  by  Ptofeasor  Arnold  Guyot,  and  publLthed  by  the  Smithtronian  Iiuti- 
•atton. 

M  Babinet  {Compln  Headm  de  FAnuI^mlr  dn  Seimret  for  Mnrch,  IH.^7)  hn."  pro- 
'**^^cd  a  moilillcnlian  of  La  Place'*  formuta,  which  dispenses  hoth  with  the  u»e  of  loga- 
'**l»iiii  and  with  wbles  of  anv  kind.    The  notation  is  the  same  as  before,  hut  the  two 


o  heights  of  the  barometer  mniit  (ir?l  he  rednccd  lo  zero, 

11  then  give  accurate  rosnlta  for  elevntiona  of  less  ilian  1000  metres,  and  np- 

^^Jl^iiaaie  remits  even  for  much  greater  clevatioiu.    For  further  informntion  on  thu 
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Metres  abort 

Bulk  of  equal 

Sperlfls  OisTity. 

tkieSeA. 

Weight  of  Air. 

Alrat 

76C.UI.  •  1 

0 

1  C.  m.' 

1 

5,520 

2    " 

i 

11,040 

4    « 

i 

16,560 

8    « 

i 

22,080 

16    " 

tV 

27,600 

32    « 
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From  this  formula,  it  is  easy  to  calculate  the  pressure  and  spe- 
cific gravity  of  the  atmosphere  at  different  elevations,  on  the 
assumption  that  its  condition  is  as  just  supposed ;  and  by  mcuis 
of  it  tlie  following  table  has  been  constructed. 

Pressure  and  Specific  Gravity  of  the  Air  at  increasing  AHitude$* 

Ileijchtof 
Btunmttta. 

76.00 
38.00 
19.00 

4.75 
2.38 

This  table  illustrates  t]ie  fact  already  stated  on  page  803 ;  bit 
while  the  elevation  above  the  sea  level  increases  in  an  arithmeti- 
cal progression,  tlie  height  of  the  barometer  and  tlie  specific 
gravity  diminish  in  a  geometrical  progression.  Dr.  Young  has 
calculated  that,  if  the  air  continues  to  diminish  in  specific  gravity 
according  to  the  law  indicated  in  the  above  table,  one  cubic  inch 
of  air,  of  the  mean  specific  gravity  at  the  eartli's  surface,  would, 
at  a  distance  of  four  thousand  miles  from  the  earth  (a  distance 

sabjcct,  wc  would  refer  the  student  to  the  excellent  collection  of  tables  hj  Profcoor 
Guyot,  already  mentioned. 

In  taking  observations  of  the  barometer  for  the  purpose  of  ineasnring  heights,  certait 
precautions  are  indispensable,  in  order  to  obtain  good  results.  If  the  horizontal  dtstaaoi 
between  the  stations  is  considerable,  it  is  necessary  to  make  the  two  obscryations  si- 
multaneously, in  order  to  eliminate  the  effect  of  the  accidental  changes  to  which  tke 
barometer  is  liable ;  or,  if  this  is  impossible,  to  return  to  the  first  station,  and  ascemin 
whether  the  pressure  has  changed  in  the  interval.  If  it  has,  the  observation  shuuU  be 
rejected.  But  oven  this  method  of  observing  will  not  eliminate  the  eflfei'ts  of  ihc  regi- 
lar  changes,  because  these  are  not  necessarily  the  same  at  the  two  stations,  and  do  not 
take  place  at  precisely  the  same  moment,  especially  w^hen  the  difference  of  cleracioD  if 
considerable.  The  same  is  also  more  or  less  tnie  of  the  accidental  changes.  In 
order  to  eliminate  all  these  causes  of  error,  it  is  best  to  make  a  great  number  of  obser- 
vations simultaneously  at  both  stations,  and  to  take  the  mean  ;  and  tliis  course  is  es- 
sential when  the  two  stations  are  several  miles  apart.  For  example,  in  finding  the 
elevation  of  a  place  above  the  sea  level,  it  is  best  to  take  the  barometric  mean  of  the 
place,  calculated  from  observations  extending  over  several  years,  and  compare  it  wiih 
a  similar  moan  taken  at  the  sea  level.  In  the  tropics,  where  the  accidental  variatioiM 
barely  exist,  and  where  the  regular  variations  follow  well-known  laws,  accurate  results 
can  be  obtained  by  taking  successive  observations  at  the  different  stations.  With  good 
instruments  and  careful  observation,  the  difference  of  level  can  be  Mcertained,  fhm 
the  formula  of  La  Place,  within  a  metre. 


p 
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H[aat  la  the  earth's  radius),  fill  tlic  whole  orbit  or  Satum  ;  aiid, 

oa  tliu  oilier  lioiid,  if  u  mine  could  be  dug  forty-six  luilcs  deep 

into  the  eiu-th,  that  the  air  at  the  bottom  would  be  ae  dense  as 

i{uicksilrur. 

It  has  already  Ijecn  stated,  that  there  is  probably  a.  limit  to  the 

lapper  surface  of  our  atmosphere,  as  definite  as  that  of  the  sur- 

ptu»  of  the  oceaa.     At  this  elevation,  the  repulsive  force  of  the 

rticlos  is  supposed  to  be  balanced  by  their  gravitation  towards 

Idle  oartli.     If  wu  assume  that,  at  this  point,  the  repulsive  force 

I  jl  equal  to  a  column  of  mercury  one  millimetre  high,  we  cau 

tsily  calculate  the  height  of  the  atmosphere.    The  second  term 

ind  member  of  [105]  disappears,  since  log  1^0,  and 

e  obtain  x  =  52,8'i2.6  metres.     But  this  assumes  that  the  tem- 

'vture  is  the  same  at  this  high  elevation  as  at  the  surface, 

mely,  0°.     The  probability  is  that  ttie  temperature  is  about 

*  C.     We  must,  therefore,  make  a  correction  for  this  differ- 

,  amounting,  as  follows  from  La  Place's  formula,  (see  note, 

p.  A04,)   to  0.12  of  the  whole,  which  reducee  the  height  to 

4<>,4H3.9  metres. 

Instruments  UlustraHn^  the  Properties  of  Gases. 
(WS.)  Manometers.  —  This  name  (derived  from  itavov,  rare, 
lad  ittTpov,  measure')  is  applied  to  a  class  of  instruments  which 
a  used  for  measuring  the  elastic  force  or  pressure  of  confined 
vapors.  Of  the  numerous  forms  of  tlie  manometer, 
I  sball  describe  hut  three. 
1.  For  pressures  less  than  the  atmosphere,  the  most  convenient 
J  of  manometer  for  the  laboratory  is  that  represented  in  Fig. 
IT2,  st  the  side  of  the  barometer.  It  consists  simply  of  a  tabe, 
1  at  both  ends.  The  lower  end  dips  into  a  reservoir  of  mer- 
1  Die  upper  end  connects,  by  a  flexible  hose,  with  the 
L  Odntwmog  the  gas  or  vapor  whose  pressure  we  wish  to 
If  tlie  gas  exerts  no  pressure,  or,  in  other  words,  if 
sb  ATacnnm  in  the  vessel,  it  is  evident  that  the  mercury 
»ill  stand  at  the  same  height  in  the  tube  as  in  the  barometer ; 
and,  on  the  other  hand,  if  the  gas  exerts  pressure,  the  mercury 
will  1(0  depressed  by  the  exact  amount  of  this  pressure.  By 
meataring  with  a  cathctometcr  the  difference  of  level  in  the 
buometcr  and  manometer  tubes,  we  can  a.scertain  the  exact 
loant  of  the  pressure,  or  tension,  of  tlie  confined  gas. 
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2.  The  form  of  manometer  represented  in  Fig.  273,  vliicit  w 
owe  to  Rcgnaiilt,  may  be  used  both  for  pressures  greater  and  lea 
than  tbat  of  the  atmosphoro.  It  consists  of  two  glass  tubes,  ^1 
and  t  k,  which  are  cemented  into  an  iron  U,  (made  as  roprosenl- 
ed  in  Figs.  276,  277.  and  278,)  and  form  together  an  iuntrted 
siphon.  Between  the  two  arms  of  tlie  siphon,  and  forming  • 
part  of  the  iron  U,  is  placed  a  three-way  cock,  whoso  ooostnio- 
tion  is  sufficiently  explained  by  the  figures,  According  In  tbe 
position  which  we  give  to  this  cock,  wo  may  either  open  or  close 
the  communication  between  the  glass  tubes,  or  rent  the  ii 
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r  tube  alone,  or  from  both  together,  at  pleasure.  The 
e  open  at  tlie  top,  and  the  mercurj'  column  whiuh  il 
BoeiTee  the  pressure  of  the  atmosphere.     The  tube  g-  A 


B  in  ft  capillary  tube,  which  is  bent  &t  right  angles,  and 
1  vitb  the  vessel,  a  b,  containing  the  gas  or  vapor  whose 
we  vish  to  measure,  by  a  connection  of  peculiar  con- 
and  admirably  adapted  for  experiments  of  this  kind, 
nd  of  the  tube  bg  \a  cemented  the  Et«el  cap  a'b'  d, 
Kpreseiitcd  in  Fig.  274.    The  face  of  this  cap  is  formed 


f 


>  surface,  a'  6*,  and  by  a  hollow  cone,  o'.  On  the  other 
\  (ace  of  the  stopcock  which  closes  the  reservoir  has 
I  pererso  form,  and  the  two  are  carefully  ground  to- 
In  order  to  secure  a  joint  which  is  alisolntely  bermeti- 
f  to  press  the  two  together  by  means  of 
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a  brass  collar  (Fig.  275),  which  is  tightened  by  means  of  the 
screws,  after  having  interposed  a  little  melted  India-rubber. 
The  elasticity  of  the  gas  in  tlie  reservoir  a  6  is  measured  by 
the  difference  of  the  level  of  the  mercury  in  the  two  arms  of  the 
tube,  and  by  the  height  of  the  barometer.  If  the  level  is  the 
same,  then  it  is  evident  that  tlie  elasticity  is  exactly  equal  to 
the  atmospheric  pressure,  and  is  measured  by  the  height  of  the 
barometer.  If  the  level  is  higher  in  tlie  tube  A  g*  than  in  ti, 
then  the  elasticity  is  measured  by  the  height  of  the  barometer 
less  the  difference  of  level.  On  the  other  hand,  if  the  letel  is 
highest  in  the  tube  i  &,  then  the  elasticity  is  measui-ed  by  the 
height  of  the  barometer  plus  tlie  difference  of  level.  Rep^e8eD^ 
ing  the  elasticity  by  i^,  the  height  of  the  barometer  reduced  to 
0**  by  f^,  and  the  difference  of  level,  also  reduced  to  the  stand- 
ard temperature,  by  A,,,  we  have  in  every  case 

fl  =  ^  d=  Ao.  [106.] 

8.  The  form  of  manometer  just  described,  although  an  ex- 
ceedingly accurate  instrument,  cannot  be  conveniently  used 
when  the  elasticity  is  greater  than  two  atmospheres,  because, 

when  the  difference  of  level  exceeds  76  cm., 
the  tube  t  k  must  be  made  inconveniently  long, 
and  the  instnimciit  becomes  difficult  to  manage. 
Whore  great  accuracy  is  not  necessary,  we  can 
then  use  with  advantage  a  form  of  the  manom- 
eter which  is  represented  in  Fig.  279,  and  which 
is  based  on  Mariotte's  law ;  for  although,  as  we 
have  seen,  this  law  is  not  rigorously  true,  even 
in  regard  to  air,  yet  the  deviation  is  so  small 
that  it  may  be  regarded  as  exact  for  all  prac- 
tical purposes. 

This  third  form  of  manometer  consists  of  a 
cylindrical  glass  tube,  closed  at  the  top  and 
filled  with  dry  air.  The  lower  end  of  the  tube 
passes  through  the  collar  of  a  cast-iron  reservoir, 
and  dips  under  the  surface  of  the  mercury,  with 
which  it  is  in  part  filled.  At  the  side  of  the 
fig.  279.  reservoir  is  an  opening  which  connects  by  the 

tube  A  with  the  closed  vessel  or  boiler  contain- 
ing the  gas  or  vapor  whose  elastic  force  is  to  be  measured. 
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I  whole  apparatus  is  fftstened  to  it  wooden  pli 
jbieiice  and  security, 
lie  qiiaiitUy  of  tlie  air  contained  in  the  glass  tube  is  such 
,  wli€u  tlie  opening  at  A  communicates  with  the  atnios{}horG, 
s  niorcury  stands  at  tlie  same  level  in  the  tube  and  ruttervoir. 
H|ucutly,  upposito  to  this  level  on  tlie  plauk  is  moikcd  tlio 
s  1.  ir,  now,  a  pressure  is  transmitted  through  A  equal  to 
B  otinoMpliercs,  tlie  mei-cury  will  rise  in  the  tube  until  the  teii- 
i  of  the  confined  air,  added  to  the  pressure  of  tlio  mercury 
BliimD,  just  balances  it.  Were  it  not  for  the  weight  of  the  mer- 
.  it  woidd  rise  to  just  one  half  of  the  height  of  the  tube  ;  but 
§&ct  it  rises  to  somewhat  less,  because  a  part  of  the  pressure  is 
■urted  by  the  mercury  column  itself.  In  like  manner,  if  the 
ttiuro  is  iucroased  to  four  atmospheres,  the  mercury  does  not 
rixe  to  llireo  quarters  of  the  height  of  the  tu))C,  because  the  pres- 
sure is  in  part  sustained  by  the  eplumn  of  mercury,  and  is  not, 
therefore,  all  transmitted  to  the  conliiied  gas.  It  is  easy  to  cal- 
culate; (he  exact  point  to  which  it  will  rise  when  the  height  of  the  | 
tube  is  known,  and  to  graduate  the  instrument  by  inscribing  the 
nnmbcr  of  atmospheres  at  the  side  of  the  tube.  This  instrument 
is  not  sufHciently  delicate  for  high  pressures  ;  for,  the  volume  of 
the  uir  becoming  smaller  and  smaller,  the  divisions  become  pro- 
^^^tioually  close  together. 

^^BTho  metallic  manometer  of  Bourdon,  based  on  the  elasticity  of 
^^Blalisliaa  been  already  described  (104). 

^^■[IGO.)  Pneumatic  Trough,  —  This  simple  contrivance,  which 
^^K    owe    to 
^fficsUey,  for  col- 
locUng  and  trans- 
1    rriug    (Pisos,    is 
one   of   the   most 
iblu      tnstru- 
i  of  eheoiis- 
It    consists 
Jly  of  a  roc- 
trough, 
I  of  glass  or 
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shelf  is  perforated  with  one  or  more  holes,  and  its  under  sarbee 
is  concave.  When  in  use,  the  trough  is  filled  with  water  to  i 
level  which  is  one  or  two  inches  above  the  shelf.  In  order  to  col- 
lect a  gas,  a  glass  jar  or  bell  is  first  filled  with  water,  and  tben 
placed  on  the  shelf  with  its  mouth  downwards  and  over  the  h(d6. 
The  tube  conducting  the  gas  is  now  adjusted  so  that  its  moath 
shall  open  under  the  shelf,  when  the  gas,  as  it  escapes,  will  bnbbb 
up  and  displace  the  water  sustained  in  the  jar  hj  the  pressure,  of 
the  air.  After  one  jar  is  filled  with  gas,  it  may  be  moved  to  one 
side,  and  its  place  supplied  with  another,  previously  filled  wiih 
water,  as  before ;  or  the  jar  may  be  removed  from  the  trough  faj 
sliding  under  its  open  mouth,  still  immersed  in  water,  a  plate. 
On  lifting  the  plate  from  the  trough,  it  will  hold  sufficient  water 
to  retain  the  gas  in  the  bell  standing  on  it.  We  can  .also  readilf 
transfer  gases  from  one  jar  to  another  by  filling  the  jar  to  receiva 
the  gas  with  water,  placing  its  mouth  over  the  hole  in  the  shel( 
and  then  pouring  up  the  gas  from  the  other  jar. 
4       A  very  simple  pneumatic  trough  may  be  made  with  an  earthen- 


Fig  281. 


ware  basin  of  water,  as  represented  in  Fig.  281.     The  jar  in 
which  the  gas  is  to  be  collected  can  bo  readily  put  in  its  place  in 

the  following  way.      It  is  first  filled  with 

^^mX        **      water,  and  a  glass  plate  pressed  with  the 
V^"^,     hand  over  the  mouth.     It  is  then  inverted, 
the  mouth  plunged  under  the  water  of  the 
basin,  and  the  glass  plate  removed.      Tlie 
mouth  of  the  jar  may  be  conveniently  supported  on  an  inverted 


Fig  282. 
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saacer,  in  which  two  lioles  have  been  perforated,  as  rppreaented  in 
Fig.  282.  Through  the  liole  at  the  side  posses  the  eud  of  the 
tube  conducting  tlie  gas. 

There  are  many  gases  which  are  ahsorbed  by  water,  and  in  ex- 
perimenting on  these  wo  uso  a  trough  filled  with  mercury.  Such 
a  trough  ia  represented  in  Fig. 
283,  and  two  vertical  sections 
of  tlie  same  in  Fig.  284.  Oji 
account  of  the  cost  of  mer- 
cury, the  mercury  trough  is 
made  in  such  a  form  as  to 
economize  as  far  as  possible 
the  metal.  In  other  respects, 
It  is  precisely  similar  to  the 
"Water-trough,  and  does  not 
Inquire  a  detailed  desorip- 
tion. 


ng.  384. 

In  measuring  the  volume  of  a  gas  standing  in  a  graduated  bell 
over  tlie  pneumatic  trough,  it  must  be  remembered  that  the  gas 
is  not  exposed  to  the  pressure  of  the  atmosphere  ns  indicated  by 
the  barometer,  except  when  tlie  level  of  the  liquid  is  the  same 
both  in  the  hell  and  in  the  trough.  Wlien  tlie  level  is  higher  in 
the  bell,  then  the  pressure  exerted  on  tlie  gas  is  evidently  meas- 
ured by  the  height  of  the  barometer  Ho  Icbs  the  height  of  a  col- 
umn of  mercury  A^,  which  is  equivalent  to  tlie  dilTcrence  of  level. 
If  the  trough  is  filled  with  mercury,  this  lioigKt  is  equal  to  the 
difference  of  level ;  if  with  water,  wo  can  always  easily  find,  by 
[81],  the  height  of  the  column  of  mercury,  which  is  equivalent 
to  the  difference  of  water  level,  or,  more  readily,  by  inspection 
from  Table  XIX.  Lot  us  call  this  difference  of  level,  reduced  to 
centimetres  of  mercury  at  0°  C,  h,.  In  order,  thou,  to  reduce  the 
27 
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Tolutne  of  gas  to  the  Efandai^  pressure  of  76  o.  m.,  we  hiTe,bj 
[98J,  the  proportion 


T:  F'  =  a— *.:76, 


^y,IU-K 


y=v 


[101.] 


Tlie  difTerence  of  level  may  always  be  measured  by  a  cath»- 
tometer,  or  more  rudely  by  a  graduated  scale.  We  can  al» 
avoid  this  measurement  by  sinkiDg 
or  raieiug  tbe  bell  iii  tJie  trou^ 
until  tlie  level  is  tlio  same  in  both 
(see  Fig.  285).  This  is  not,  hot- 
ever,  go  accurate  a  metliod. 


tlB.!St.  i«.aB. 

(170.)  Gasometers.  —  These  are  instruments  for  collecting 
and  preserving  larger  volumes  of  gas.  They  have  various  fonU) 
but  that  represented  in  Fig.  286  is  one  of  the  most  useful.  U 
consiiits  of  a  closed  and  air-tight  cylindrical  vessel.  A,  made  o( 
copper  or  zinc,  wliich  is  surmounted  by  a.  basin,  C  Tins  basin  it 
supported  on  the  cylinder  by  live  columns  of  copper,  two  of  which, 
a  and  b,  are  hollow,  and  furnished  with  stopcocks.  The  tube  a 
opens  at  once  into  the  the  top  of  the  cylinder ;  but  the  tube  b,  on 
the  contrary,  descends  quite  to  the  bottom.  At  c,  there  is  a  snnll 
stopcock  for  drawing  off  the  gas ;  and  at  d,  a  short  curved  tube, 
which  can  be  hermetically  closed  by  the  screw-plug  k. 

In  order  to  use  tho  instrument,  we  commence  by  pouring 
water  into  the  basin  C,  having  first  closed  the  opening  d,  and 
opened  the  stopcocks  a  and  b.  The  water  now  flows  into  the 
cylinder  by  the  long  tube  b,  and  the  air  escapes  by  the  tube  a, 
and  we  continue  pouring  water  into  C  uutil  the  cylinder  A  is 
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completely  lillod,  fflion  wo  closo  the  gtopcocks  a  and  b.  In  order, 
now,  to  fill  tlio  cyliudcr  with  gas,  -we  open  tlio  titbulature  k,  and 
introduco  the  mouth  of  the  tulw  connectiug  with  tho  vessel  from 
which  the  gas  is  evolved.  Tho  pressure  of  the  air  sustains  the 
water  in  the  gasometer,  and  the  gas,  as  it  bubbles  up,  collects  in 
the  upper  part,  displacing  the  water,  which  slowly  flows  from  the 
ttibiilaturo.  When  the  evolution  of  gas  has  ceasod,  wo  romovo 
the  tulxt  and  closo  the  tubulature  d. 

If  now  we  o[)eu  the  cock  6,  a  portion  of  the  water  from  the 
vessel  C  descends  into  tho  cylinder,  aud  the  confined  gas  is  com- 
pressed by  the  furce  of  a  column  of  water  equal  in  height  to  the  dif- 
ference of  level  of  the  water  in  the  two  vessels  A  aud  C.  Hence, 
on  opening  tho  cock  c,  tbo  gas  will  (low  out,  and  its  place  will  be 
supplied  with  water  from  the  vessel  C.  Or,  if  wo  wish  to  fill  a 
bell  with  gas,  we  first  fill  it  with  water,  cover  the  mouth  with  a 
glass  plate,  and,  having  inverted  it  in  tlio  vessel  C,  place  it  over 
tlie  tube  a.  On  opening  the  cock,  the  gas  will  rise  into  the  bell 
and  displace  tho  water  it  contains,  while  au  equivalent  amount 
of  water  will  descend  by  the  tube  b  into  the  cylinder. 

(171.)  Safety-Tubes. — These  tubes,  which  are  frequently 
connected  with  chemical  apparatus  for  tlic  purpose  of  avoiding 
explosions,  or  preventing  the  mixing  of  liquids  which  the  vessels 
composing  tho  apparatus  contain,  are  excellent  illustrations  of  the 
properties  of  gases.  Let  us  snjipose,  for  example,  that  we  are 
preparing  chlorine  gas  from  hyperoxide  of  manganese  and  cMo- 
rohydric  acid,  in  tho  flask  A  (Fig.  287), 
and  that  connected  with  this  flask  by  the 
bent  tube  ab  c  is  a  test-gloss  filled  with 
a  solution  of  caustic  soda,  on  which  we 
wish  the  gus  to  act,  and  which  absorbs 
it  rapidly.  So  long  as  the  chlorine  is 
evolved  with  great  rapidity  the  process 
goes  on  with  regularity,  and  tho  gas  bub- 
bles up  through  tho  solution. 

The  elastic  forca  of  the  chlorine  gas  in 
the  flisk  is   evidently  greater  than   tho  Fig  28t 

pressure  of  tho  atmosphere:  because  it 

balances  not  only  the  atmospheric  pressure  on  the  solution  of 
caustic  soda,  but  also  a  column  of  this  solution  whose  height, 
a  (Fig.  287),  is  equal  to  the  difference  of  level  between  tho  surface 
of  the  liquid  in  the  test-gloss  and  tJie  open  mouth  of  tho  gas- 
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tube  c.  The  pressure  of  tlie  atmosphere  is  measured  by  JB[,tbe 
height  of  the  column  of  mercury  which  it  supports.  We  may 
also  measure  the  pressure  exerted  by  tlie  column  of  liquid  a  in 
the  same  way  ;  for  when  we  know  its  specific  gravity,  it  is  easy, 
by  [81],  to  find  the  height  of  a  column  of  mercury  which 
would  exert  the  same  pressure.  Let  ho  represent  the  height  of 
this  column  of  mercury,  and  (^Sp.Gr.^  and  (^Sp.  Grr.y  the  specific 
gravities  of  mercury   and   the   solution  respectively ;  we  shall 

have  a  :  Ao  =  (  Sp.  Gr.)  :  (  Sp.  Gr.y,  and  K  =  a  7^^ j- .     Then 

the  elastic  force  of  the  gas  in  the  balloon  is  equivalent  to  a  col- 
umn of  mercury  whose  height  equals  the  sum  of  iSf^  and  A„  or 

« = ^ + « {|:S:J'         [io«-] 

Let  us  suppose,  now,  that  from  any  cause,  such  as  the  exhaus- 
tion of  the  materials,  or  the  cooling  of  the  flask,  the  evolution  of 
chlorine  ceases ;  it  is  evident  that,  if  the  solution  continues  to 
absorb  the  gas  contained  in  the  flask  il,  the  elastic  force  of  this 
gas  will  constantly  diminish,  and  the  pressure  of  the  atmosphere, 
remaining  constant,  will  cause  the  liquid  to  rise  in  the  tube  b  c. 
If  the  experimenter  is  present,  he  can  prevent  accident  by  uncork- 
ing the  flask  ;  but  if  the  absorption  continues,  the  greater  part  of 
the  solution  may  be  pressed  over  into  the  flask,  and  the  experi- 
ment defeated. 

Such  an  accident  can  be  prevented  by  adjusting  to  the  flask 

the  safety-tube  efg^  having  the  form  rep- 
resented in  Fig.  288.  Into  this  tube  we 
pour  a  quantity  of  the  same  liquid  which 
is  contained  in  the  flask,  and  which  in  the 
present  case  would  be  chlorohydric  acid. 
When  the  process  is  going  on  regularly, 
and  the  gas  is  escaping  from  the  mouth  of 
the  tube  c,  the  tension  of  the  gas  in  the 
flask  will  raise  a  column.  A,  of  chlorohy- 
dric acid  in  the  tube/^,  which  must  ne- 
cessarily exert  a  pressui-e  equal  to  this 
tension  less  the  pressure  of  the  air  on 
F!,r  288.  the  top  of  thc  columu.     Hence  by  [108] 

this  prossnrc  is  measured  by  a  column  of  mercury  which  equals 

^  [^J*'^'X'      Moreover,  if  (Sp.Gr.y  represents   the    specific 
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ritjr  of  tlie  acid,  a  column  of  mercurj  exerting  an  equtva 
t  pressure  will  also  be  equal  to  A  ^~^'     '^  ,  and  wo  shall  have 

r  now  the  CTolution  of  gas  ceases,  aiul  the  teosion  of  the  gas 
Uic  (task  becomes  less  than  the  pressure  of  the  atmosphere,  oa 
!,  tlie  liquid  will  rise  in  the  tube  b  c.  But  it  will  also  fall 
in  tho  Uthegf;  and  if  the  parts  are  properly  proportioned,  the 
ehtorohyilric  acid  will  fall  to  the  lowest  point,  /,  of  the  safety- 
tabc,  before  tlio  sulutioa  reaches  the  point  b,  ^hen  air  will  eutcr 
the  Haek  by  the  safety-tube  and  prevent  any  accident.  A  bulb  is 
Mown,  at  the  point  u,  sufficiently  large  to  hold  all  the  liquid  con- 
icd  in  the  tube/^ ;  and  the  air,  iji  entering  the  flask,  bubbles 
mg))  the  liquid  in  this  bulb. 

i  safety-tube  is  also  a  s^ccurity  against  the  bursting  of  the 
It  not  uufrequeutly  hap[>o]is,  in  experiments  similar  to 
KoDG  jnst  described,  that  the  mouth  of  the  esit-tubc  becomes 
1  by  a  deposition  of  solid  matter.  If,  now,  the  evolution  of 
t  continues,  the  pressure  rapidly  increases  on  the  interior  of 
iho  flask,  and  soon  becomes  greater  than  the  tliin  walls  of  the 
rosecl  can  resist,  wlien  an  accident  would  result.  A  safety-tube 
effectually  prevents  such  a  possibility;  for  when  the  tension  of  the 
gaa  becomes  rancli  greater  than  tlie  pressure  of  the  atmosphere, 
the  liquid  wilt  be  driven  out  of  the  safety-tube,  and  the  gas  can 
1  escape  freely  into  the  atmosphei 
"he  safety-tube  also  enables 
i  introduce  liquids  into  the 
during  the  experiment, 
lOut  removing  the  cork. 
KFlien  the  vessel  used  for  mnfc- 
I  ia  a  retort,  the  safety- 
B  may  be  attached  to  the  cxit- 
L,  as  represented  in  Fig.  2^9. 
a  peculiar  form  of  safety-tube 
1  Welter's  tube,  from  the 
of  tho  cliemiet  who  in- 
d   it.  _ 

making  hydrogen  or  car- 
)  add,  we  frequently  use  a  two-necked  bottle,  such  as  is 
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represented  in  Fig.  290.  Tlie  Bafety-tabe  may  tlien  be  a  ain|ik 
Gtraiglit  tube  surmounted  by  a  funuel,  and  dipping  a  fev  miUi- 
jnetrcs  below  the  surface  of  the  liquid  in  the  bottle.    If,  ub»- 


ni,  290.  f^.  SBL 

fore,  we  pass  the  gas  into  some  solution  contained  in  a  test-glia 
(Fig.  291),  the  tension  of  the  gas  in  the  bottle  will  raise  a  column 
of  liquid,  h,  in  the  safety-tube,  wliose  height  will  bear  the  wm 
proportion  to  that  of  the  column  a  (Fig.  289)  which  the  specific 
gravity  of  the  liquid  in  the  teEl>g;lass  liaa  to  that  in  the  bottle. 

It  not  unfrequently  happens,  that  we  wish  to  transmit  the  same 
gas  tl]rough  a  series  of  flasks  contiuning  the  same  or  diflereot 
solutions.  Let  us  suppose  that  we  used  the  arrangement  of 
three-necked  bottles  represented  in  Fig.  292,  containing  solutioM 


which  absorb  the  gas  evolved  from  the  flask  A,  and  let  us  exam- 
ine what  would  be  tlic  tension  of  the  gas  in  the  successive  jsis. 
The  gas  in  tlio  jar  E  communicates  directly  witli  the  atmosphen 
through  the  tube  o,  and  its  tension  is  therefore  represented  by 
the  height  of  the  barometer,  or  Jf,.  The  tension  of  the  gu  in 
the  jar  D  must  evidently  be  measured  by  the  height  H  plus  the 
height  of  a  column  of  mercury  which  is  equivalent  to  tbe  colunui 
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)  liquid  in  tlio  jar  E,  indicated  by  a""  in  the  Bguro.     In  like 
nor,  lite  Iciisioii  of  the  gas  in  the  jar  C  will  he  equal  to  the 
unoit  in  D  plus  a  iguantit;  which  is  measured  hy  a  colunm  of 
noercury  cqiiivnient  to  a'";  and  so  on  for  C  and  B.    Finally,  the 
ioii  of  tlie  guB  iu  the  flask  will  be  equal  U)  the  tension  hi  B  plus 
atity  which  is  measured  by  a  cotuniH  of  mercury  equivulont 
If,  then,  we  represent  the  specific  gravities  of  the  liquids  in 
lour  bottles  by  d',  d",  d'",  and  d"",  and  that  of  mercury  by  i, 
all  liave  for  the  equivalent  mercury  columns,  a'  --,  a"  y, 
-,  and  a""  —  .    The  measures  of  the  tension  of  the  gas  in 
Hour  lottlcs  and  the  flask  arc,  then,  as  follows :  — 
^tbe  bottle  £....A'o. 

,.„  rf"" 


Jl 


p  the  flask  A 


"■  +  '■'■  l+<  +  ' 


:  + 


ji 


[110.] 


\  DOW,  the  eToIution  of  gas  ceases  in  the  flask,  while  the  ab- 
(iou  continues  iu  the  buttles,  it  is  evident  that  there  will  be 
klisfer  of  liquid  from  right  to  left  through  the  bottles,  and 
\,  tlio  first  bottle  to  tlie  flask ;  or,  on  the  other  hand,  if  either 

B  tubes  Ac b'c' ,...,  should  become  clogged,  the  pressure 

i  increase  indoGuitclyiu  the  apparatus,  until  one  of  tlie  ves- 

i  front  of  the  obstruction  bursts.     This  would  usually  be 

isk,  because  it  is  weaker  than  the  rest.     lioth  of  thet^c  dun- 

f  may  Iw  avoided,  by  arranging  the  apparatus  with  safety- 

I  represented  iu  Pig.  293 ;  for  then,  if  the  pressure  in 

BbottI«8  or  flat^k  becomes  considerable,  a  {mrtiou  of  the  liquid 

I  bo  forced  out  at  tliese  tubes ;  or,  on  the  other  hand,  if  it  be- 

■  lunch  loss  than  that  of  the  atmosphere,  air  will  bubble  in 

igli  tlto  same  chatmcls. 

ilea  llie  gas  is  flowing  freely  from  the  flask  through  the 

ntuf,  and  bubbling  in  each  bottle,  it  is  easy  to  calculate 

Blietghts  to  which  the  liquid  will  rise  iu  the   safety-tubes, 

I  tlto  Icusion  of  the  gas  in  the  different  parts  of  this  ap- 

iUS  must  bo  the  same  us  iu  the  other.     For  example,  the 

1  of  Iho  gas  in  D  is  mcosurod  by  £^  -(~  '^""  -jr  i  I"!'  >' 
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must  also  be  measured  by  Bt  plus  a  colunm  of  mercury  equr^ 
alent  to  tbe  column  of  liquid  k'"  in  the  safety-tube.  Thii 
column  of  mercury,  as  is  evident  from  vhat  has  been  aid, 
is  equal  to  h'"  -— ;  and  hence  we  have  A"'  -v-  ^  a""  -j- , 


And  in  like  manner  wo  can  easily  find 


,.,  ^" 


»+«"" 


[111.] 


Tho  apparatus  thus  constructed  is  usually  called  Woolpt  <^pt- 
ratus. 

(172).  Siphon.  —  The  principle  of  tiiis  well-bnowu  instra- 
ment  is  illustrated  by  Fig.  294.     The  siphon-tube  abc  is  filled 
^  with  the  same  liquid  as  t)ie  two  beakei^ 

glasses  in  which  its  ends  are  dipped,  and 
the  liquid  is  siiEtained  in  the  tube  by  tbe 
pressure  of  the  air.  If  the  level  of  tha 
liquid  in  the  two  vessels  is  on  the  same  hori- 
zontal plane,  it  is  evident  that  the  colninns 
ni.  an.  of  liquids  in  tlie  two  legs  of  the  siphon  will 
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Eamo  vertical  height,  and  will  be  in  equilibntun.  If, 
the  liquid  stands  at  a  lo'trer  level  in  one  vessel  than  ia 
ir,  as  in  the  figure,  tlion  the  two  columns  of  liquid  in  the 
siphon  will  nut  have  the  same  height,  and  a  diS'eronce 
jKure  will  result,  corresponding  to  the  difference  of  level, 
nicr  to  ascertain  what  will  be  the  result  uf  this  diSbrcnce  of 
take  a  section  through  the  tube  at  the  liigliest  point,  b, 
Bfiider  the  amotitit  of  pressure  on  the  two  faces  of  this  see- 
On  iho  face  towards  tlie  vessel  a,  this  press\irc  is  equul  to 
;ure  of  tho  atmosphere  (measured  by  the  lieight  of  tho 
r),  or  H,  less  tho  preesure  of  a  column  of  tho  liquid  used 
bvight  ia  equal  to  the  difference  of  level  between  ft  and  tho 
;«f  tlic  liquid  in  tho  vessel  a.  Let  us  i-epresent  tho  height 
lumn  of  mercury  which  is  equivalent  to  that  of  the  liquid 
Lod  tlio  surface  of  tho  section  by  s.  We  shall  then  have, 
pressure  on  this  surface  of  tlic  section,  tho  value 

f  =  5(^  — /O.  [112.] 

t  surface  of  tho  Boction  towards  the  vessel  c,  we  have  for 
kssure  a  value 

f'=s(J3'.— A'O;  [118.] 

tb  ft',  represents  the  height  of  a  column  of  mercury  which  is 

lent  to  a  column  of  the  liquid  used  whose  hciglit  is  cijual 

rdifferencc  of  level  between  6  and  c    When  the  level  of  the 

lie  the  same  in  bolhvesscis,  it  is  evident  that  A„=/i',.    Hence 

Bssnres  on  the  two  surfaces  are  equal,  and,  as  already  stated, 

Irill  be  an  equilibrium.     If  the  level  iu  the  vessel  c  is  lower 

o,  then  A<,<A'„  and  U,  —  h„~:>H^  —  h\.     There  will, 

re,  bo  an  excess  of  pressure  in  tho  direction  of  tho  vessel  c 

h't  —  hi,  which  will  cause  a  constant  Sow  of  liquid  in 

ection  of  the  greatest  pressure.     This  flow  will  continue 

=  A'b,  or  until  the  level  is  tho  same  in  both  vessels.     If 

il  r  ia  removed,  then  A'j  represents  the  height  of  a  column 

Bury  equivalent  to  a  column  of  the  liquid  used  whose 

equals  the  vertical  distance  lietwecn  the  mouth  of  the 

id  ft.    If  this  mouth  is  below  tho  level  of  tho  l>ottom  of 

il  a,  il  is  evident  that  Ag  can  never  equal  A', ;  and  hence 

in  this  case  will  continue  until  the  surface  of  tho  liquid 

Tessel  falls  below  the  mouth  of  the  tul>e  at  a.     It  is  evi- 

other  things  being  equal,  the  velocity  of  the  flow  will 
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depend  on  the  difference  between  h'^  and  h^  In  the  ordiniiy 
method  of  using  a  siplion,  as  represented  in  Fig.  294,  tliis  difb- 
ence  is  constantly  diminishing ;  and  hence  the  velocitj  of  the  flow 
is  constantly  diminishing. 

The  siphon  is  frequently  employed  in  the  laboratory  for  de- 
canting liquids.  Before  using  the  instrument,  it  is  necesptrj  to 
fill  it  with  the  liquid  to  be  decanted.  If  this  liquid  is  water,  the 
siphon  is  easily  filled  by  closing  the  end  of  the  short  leg  with  the 
finger,  and,  after  inverting  the  instrument,  by  pouring  in  water  tt 
the  other  end,  the  air  being  allowed  to  escape  from  the  short  1^ 
by  lifting  for  a  moment  the  finger.  When  the  tube  is  filled,  it 
can  easily  be  reversed,  and  the  end,  still  closed  witli  tlie  finger, 
plunged  under  the  liquid  in  the  vessel ;  when,  on  removing  the 


fig.  296. 


finger,  the  water  will  begin  to  flow.    The  siphon  can  also  be  filled 
by  dipping  the  end  of  the  short  leg  in  the  liquid,  and  sucking 
out  tlie  air  from  the  other  leg  with  the  mouth.     In  the  laborer 
tory,  the  siphon  is  frequently  used  for  decanting  corrosive  liquid; 
and  it  is  then  necessary  to  resort  to  various  contrivances  for  fill- 
ing it.     The  one  represented  in  Fig.  296,  which  can  easily  be 
made  of  glass  tubes  and  cork,  is  one  of  the  best.     The  short  leg 
is  plunged,  as  usual,  into  the  liquid.    The  end  of  the  long  leg  i« 
then  closed  by  the  finger,  which  can  be  protected  by  a  piece  d 
India-rubber,  and  the  air  is  sucked  out  by  the  mouth  applied  at 
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of  Uifl  side  tube.     As  soon  as  the  liquid  descends  into 
llu^Dicut  ftt  the  end  of  the  long  leg,  the  finger  is  with- 
it)  Mariotle's  Flask.  —  It  is  EOmctimes  important  to  ob- 
th  tlm  Eiphon  a  uiiirorm  flow  of  liquid.    Tliis  can  l>o  easily 
1  by  tueaiia  of  the   apparatus   represented   in  Fig.  296, 
■riotte'sjtctik.     It  coti»ists  of  a  bottle  with  two  necks, 
■  of  which  a  straiglit  tube,  and  into  tho 
'bent  tube,  bave  been  adjusted  air-tight, 
welling  nearly  to  tlio  bottom  of  tlio  bot- 
0  siphon-tube  is  filled  by  blowing  in  air 
the  straight  tube,  when  the  flow  contin- 
^tntform  velocity  until  Iho  surface  of  tbc 
the  bottle  has  fallen  to  the  level  bed, 
constantly   entering   the   bottle   by  the 
t  tube  at  b. 

easily  he  shoim   that  the  flow  in  this 
Wt  be  uniform  in  velocity.     Consider,  as 
A  section  througb  tlic  sipbon-tube  at  tho  highest  point, 
tho  Burfaco  of  this  section  towards  o  is  e' 


f'  =  ,(fl;_/,'„); 


[114.] 


is  the  height  of  a  column  of  mercury  equivalent  to  a 
of  tlie  liquid  used  whose  height  equals  tho  vertical  di»- 

o  to  the  centre  of  gravity  of  the  section. 

ntrface  of  the  section  towards  c  is  evidently  exposed  to 

ire  exerted  by  the  confined  air  on  the  surface  of  the 

the  bottle,  less  tho  pressure  of  a  column  of  tlie  liquid 

beigbt  equals  the  vertical  distance  between  this  surface 

centre  of  gravity  of  tho  section.     If  we  represent  the 

cf  the  confined  air  by  iQ,  and  the  beigbt  of  a  column 

piry  equivalent  to  the  column  of  liquid  by  h"„  we  easily 

r  the  pressure  on  the  surface  of  the  section, 

f  =  ,(fl-4'.). 

le  tpparatns  is  in  use,  and  air  is  freely  entering  through 
evident  that  the  pressure  of  tho  atmosphere  at  b  is  bal- 
ly th«  pressure  of  the  confined  air  on  the  surface  of  the 
tnd  by  the  pressure  of  the  column  of  liquid  above  b. 
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Beprosentiiig  the  cquiralent  of  tbis  columti  in  centimetre)  of 
mercury  by  A"'g,  and  the  height  of  tlie  barometer  by  ^  ¥e  ol>- 
tain  i^  ^  tQ  -{-  ^'"'d  )  ^^^  ^y  substitution, 

£  =  slJl—  (A",+  A'O]  ■  [lis.] 

Subtracting  from  tliis  value  [114],  wo  obtain 

£  —  £'  =  s  [/.'.-  (/.".+  A"0}.  [116.] 

The  value  A"»-j-  A'", represents  the  height  of  a  column  of  ine> 
cury  equivalent  to  a  column  of  the  liquid  used  vliose  heiglit 
equals  tlie  vertical  distance  between  c  and  the  centre  of  p&^tj 
of  tlic  section.     As  this  heiglit  remains  constant,  and  is  iodcpea- 
dent  of  tlie  height  of  the  liquid  in  the  bottle,  it  is  evideiit  that 
tlie  difference  of  pressure  [116]  wliich  determines  the  velocitj 
of  the  flow  will  also  be  constant.     It  is  also  evident  tliat  tlie  dit 
fercnce  of  pressure  is  always  equal  to  a  column  of  the  liquid 
used  whose  height  equals  the  diifercncc  of  level  between  b  and  o. 
A  very  useful  application  of  Mariotte's  bottle  is  represented  in 
Fig.  297.     It  is  frequently  necessary,  in  the  laboratory,  to  irasli 
for   several   hours,  or  even 
days,  a  precipitate  which  hu 
been  collected  on  a  filter. 
This  is  done  by  keeping  Ibe 
filter  constantly  full  of  vtr 
tor,  which  slowly  pcrcolatei 
through  tho  porous  mass  on 
the   filter,   and   waslics  (wt 
everything  which  is  soluble. 
Mariotte's    bottle    furnishes 
an   automatic    machine,  bj 
which  the  water  in  tlie  fit 
tor  can  be  maintained  at  • 
constant  level.     The  dJsposi' 
tiou  of  tho  apparatus  is  suf" 
ciontly  explained  by  the  fig^ 
"'■^'  ure.     The  difference  6f  level 

between  b  and  o  is  made  very  small,  and  the  water  flows  fror*^ 
tho  bottle  to  the  filter,  until  the  level  rises  to  the  lower  dolt©'^ 
line  in  the  figure.  Then  tlio  flow  ceases,  but  recommences  ^ 
soon  as  tlie  level  falls. 


THE   TBBEE    STATES    OF   MiTTEB, 


326 


The  principle  of  Mariotte's  bottle 
is  also  applied  to  produce  a  uniform 
iiow  of  air  tlirougli  l\\e  tiilie  apparatus 
wliich  is  frequeutly  used  in  chemical 
analysis.  Fig.  298  represents  what  is 
termed  au  aspirator  jar.  The  tube, 
whicli  passes  air-tight  through  the 
cork  iu  the  ueck,  has  a  free  communi- 
cation with  the  atmosphere,  and  the 
current  of  air  is  caused  by  the  flow  of 
water  from  the  cock  at  r.  The  veloci- 
ty of  the  flow  of  water  from  the  cock, 
other  tilings  being  equal,  depends 
upon  the  pressure  exerted  ou  a  aec- 
r  the  stopcock  ;  and  it  can  easily  be  seeu  that  this  will  be 
aa  until  tbo  level  of  the  water  in 
has  ftilleu  below  tlm  moutli  of  the 

■4.)  Wash-Bottle.  —  This  simple  in- 
int  (Pig.  299),  which  is  so  much 
n  the  laboratory,  is  one  of  the  most 
applicatious  of  tlie  properties  of  gas- 
Ij  condensing  the  air  over  the  water 
I  bottle,  by  blowing  in  at  the  tube  a, 
}atd  is  forced  out  at  o  in  a  fine  jet, 
directed  at  pleasure. 


PL 


-Machines  for  Rarefying  and  Condensing  Air. 
S.)   The  Air-Pump.  —  One  of  tho  simplest  forms  of  the 

ip  is  represented  in  Fig.  SOO.     It  consists  of  a  hollow 
l^linder,  in  which  a  piston  moves  readily  up  and  dowu  by 

le  attached  to  the  pistou-rod  above.  The  inner  surface  of 
Under  is  jierfectly  smooth  and  true,  so  ihat  the  piston, 
18  formed  of  yielding  materials,  moves  air-tight  through 
ale  course.  Moreover,  the  under  surface  of  the  pistoh  fits 
f  the  bottom  of  the  cylinder,  so  that,  when  the  piston  is  in 
Vest  ixisition,  there  can  be  no  air  between  it  and  the  cylin- 
ittom.  Tlio  upper  end  of  the  piston  is  closed  by  a  brass  cov- 
igli  which  the  piston-rod  passes  freely,  and  tho  atmosphere 
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has  free  acceBB  to  the  upper  Burfaoe  of  the  piston.  The  lower  atd 
of  Uie  cylinder  opens  into  a  narroir  tube,  which  couoeeta,  it  ods 
end,  with  the  glass  bell  oa  the  pl&te  of  the  ur-puinp  througb  tin 


stopcock  w,  and  at  the  other,  with  tho  atmoepliero  through  the 
stopcock  p.  Just  below  tho  bottom  of  tho  cylinder  there  is 
placed  a  stopcock  of  peculiar  construction.  The  core  of  the 
cock  is  bored  witli  two  holes,  one  of  wliich  lias  tho  same  positioa 
as  in  ordinary  Btopcocks,  and  as  is  eliown  in  the  figure.  The  po- 
sition of  the  second  is  shown  in  tho  small  eecticm  at  the  side. 
When  tlie  cock  has  the  position  indicated  in  the  main  figure, 
there  is  a  direct  connection  between  tlie  interior  of  the  cjliudw 
and  the  glass  bell.  If  tlie  cock  be  now  turned  through  ninety  d^ 
greos,  till  it  takes  tlio  position  shown  in  the  small  section,  the  con- 
nection with  the  glass  bell  will  bo  closed,  and  direct  commnnica- 
tion  vitli  tlio  atmoEphere  opened  tlirough  the  channel  t  v.  He 
channel  r  m  opens  in  tho  centre  of  a  round  plate  made  of  braes, 
or,  still  better  for  chemical  uses,  of  glass.  This  plate  is  ground  on 
its  upper  eurfitco  perfectly  plane.    The  lower  edges  of  the  glasa 
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beil-receiTer>  are   al»o   carofully  grouiiil,  and  may  be  made  to 
^^dliurd  air-tigbt  to  lli«  plaan  by  iuturpo^ing  a  little  uil. 
^^bTtw  princi()lo  of  the  air-pump  cuu  now  be  easily  explained. 
^Bel  as  suppose  that  tbc  piston  is  in  its  lowest  position,  and  tbat 
^^10  ftto]>coc3c  is  iu  tlie  {nsition  represented  in  the  Hgure.    if  now 
ve  draw  up  tbe  piston  by  the  hand,  the  air  contained  in  the  bell- 
rcccivcr  and  in   the  tube  connecting  it  with  the  cylinder  will 
Httpaud  until  it  tills  tba  cylinder;    and  its  volunio  being  tlius 
^■bcrcasod,  its  density  will  be  proportionally  dimiuishcd.     Let  us 
^Hkxt  turn  the  stopcock  tj  into  tlie  position  represented  in  the  sec- 
^nSon.     The  bell  is  thus  hermetically  closed,  but  a  connection  is 
ojiened  hi'tweon  the  cylinder  aud  the  atmosphere.    Now,  on  press- 
ing down  the  piston,  all  the  air  in  the  cylinder  will  bo  forced 
into  th«  atmosphere.    The  slopcouk  may  then  be  turned  back 
to  its  first  position,  and  the  same  motion  repeated,  which  will  fur- 
ther rarefy  the  air  iu  the  bell ;  aud  thus  tlie  process  mny  be  con- 
tiuued  until  the  required  degree  of  exhaustion  is  obtained. 

(17U.)   Drgree  of  Exhaust  ion.  —  It  is  obvious  tliat  the  effect 

of  tlie  air-ptimp  depends  upon  tbc  expansive  force  of  air,  and 

^■^At  eacli  motion  of  tlie  piston  is  accompanied  with  a  certain 

^^piouut  of  expansion  of  tbc  air  in  tlie  bell.     This  amount  is  cvi- 

BQkntly  dotcrniiued  by  the  size  of  the  cylinder,  as  compared  with 

iliiit  of  the  bell  and  the  tube  leading  to  it.     With  these  data,  we 

i.'i  easily  calculate  the  degree  of  exhaustion  after  each  stroke 

ot  tlio  piston. 

~       Let  u«  Uien  represent  the  volume  of  the  bcll-reccivcr  and  of  th« 

a  oonncoting  it  with  tlie  cyliuder  by  V;  and  that  of  tbc  cylin- 

r  itself,  wliou  tlie  piston  is  at  its  highest  position,  hy  v.    Let  us 

B  that  tlie  piston  starts  from  its  lowest  position,  and  let  us 

B  the  quantity  of  air  contained  in  the  receiver  and  the  tube  as 

itJT-     When  now  the  piston  is  raised,  the  volume  occupied  by 

■  qoaatilyof  air  f  taken  as  unity)  becomes  F-\-v.     When  tho 

*ck  is  turned  and  the  piston  lowered,  tho  volume  v  is  ex- 

,  which  is  a  portion  of   the  original  quantity  (or  unity) 

Wnlcd  by  i-^--  -     The  piston  is  now  in  its  initial  position, 

i  tlui  quantity  of  oir  remaining  in  the  receiver  and  tube,  after 

a  first  Ktroke,  is 
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Reversing  the  stopcock,  and  raising  again  the  piston,  this  qun- 
titj  of  air,  y.  ,  occupying  the  volume  F,  expands  to  the  vol- 
ume F+  V.  When  the  piston  descends,  the  volume  t  is  ex- 
pelled, which  is  y.  of  the  whole,  or  of  y.  ;  that  is,  rrrjvi 
of  unity.     There  remains,  therefore,  after  tlie  second  stroke, 

At  the  third  stroke  of  the  piston,  the  same  proportion  of  the  lir 
now  remaining  is  expelled  as  before ;  and  there  is  consequently 
left,  after  the  third  stroke, 

Y2  ^  y2  ys 


In  like  manner  there  will  remain,  after  the  nth  stroke, 

yn  —  i  ^,yn  —  i  Y» 


[120.] 


(  r+r)'*-»  (  K+  r)"  ~  (F+r)*  * 

If,  for  example,  the  volume  of  the  receiver  is  equal  to  ten  litres, 
and  that  of  the  cylinder  to  one  litre,  wo  shall  have,  for  the  amount 

of  air  left  after  the  fiftieth  stroke,  —15  =  0.0085   of  the  original 

quantity. 

Since  the  value  of  [120]  never  can  become  zero  until  n  =  », 
it  is  evident  that  we  can  never,  even  theoretically,  by  means  of 
the  air-pump,  exhaust  the  whole  of  the  air.  Nevertheless,  theo- 
retically we  ought  to  be  able  to  approach  a  perfect  vacuum  in- 
definitely by  continuing  the  process  for  a  sufficiently  long  time. 
Practically,  however,  the  limit  is  soon  reached ;  and  even  with 
the  best  pumps,  we  can  never  obtain  a  degree  of  exhaustion 
greater  than  that  when  ynViTth  of  the  original  quantity  of  air  is 
left  in  the  receiver.  It  is  not  difiicult  to  explain  the  cause  of  the 
discrepancy  between  the  theoretical  and  the  practical  results. 

In  any  machine,  however  well  made,  there  must  be  a  number 
of  joints  which  are  never  absolutely  hermetical.  There  are  fre- 
quently, even  in  the  metal  itself,  imperceptible  pores  which  trans- 
mit air.  During  the  first  few  strokes  of  the  piston,  this  minute 
leakage  produces  no  perceptible  effect ;  but  when  we  attain  a  high 
degree  of  exhaustion,  the  air  enters  by  these  minute  crevices  as 
fast  as  we  can  remove  it  by  the  pump. 


THE  THREE   STATES    OP   MATTER.  329 

But  besides  this  imperfection,  tlie  capability  of  tlic  instrument 
is  limited  in  still  another  way.  In  calculating  the  degree  of  ex- 
Iia-ustiou,  we  supposed  that  at  each  descent  of  the  piston  the 
wtiole  of  the  air  was  expelled  from  the  cylinder  ;  and  this  would 
ha  the  case,  if  the  base  of  the  pistou  adhered  exactly  to  the  base 
or  the  cyliuder.  In  practice,  however,  there  is  never  an  absolute 
adliGsion  ;  and  a  small  amount  of  air  remains  between  the  two, 
wl^ich  no  force  applied  to  the  piston  is  able  to  expel.  When, 
tljorefoi-c,  after  working  the  pump  for  some  time,  this  small 
*Qi«uiit  of  air,  expanded  through  the  whole  interior  of  tlie  cylin- 
dor-,  exerts  a  pressure  equal  to  that  of  the  air  remaining  in  the 
ri^^ieiTor,  it  is  evident  that  the  air  from  tho  receiver  can  no  longer 
c^xpand  into  the  cylinder,  and  the  pump  will  cease  to  exhaust. 
^*it  although  a  perfect  vacuum  can  never  be  obtained  with  an 
^*«"-pump,  yet  a  sufficient  degree  of  exhaustion  for  all  practical 
purposes  is  easily  attained. 


I 


1(177.)  Air-Pump  xeilli  Valves.  —  Tlie  form  of  air-pump  de- 
peribcd  in  (175)  is  exceedingly  simple  in  its  construction,  and  not 
Jiftble  to  get  out  of  order.     It  is  therefore  well  adapted  for  use  iu 
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the  chemist's  laboratory,  where  it  is  exposed  to  Tapon  ▼hidme 
likely  to  injure  any  delicate  valves.  It  is  open,  however,  to  two 
serious  objections.  In  the  first  place,  the  stopcock  q  must  be 
turned  by  the  hand  at  each  stroke  of  the  piston ;  and  altliou^ 
this  motion  may  be  obtained  by  means  of  cranks  and  levers,  yet 
tliis  machinery  renders  the  instrument  unnecessarily  complicated. 
In  tlie  second  place,  the  piston  must  be  raised  through  the  whole 
length  of  each  stroke,  against  a  great  pressure  of  air,  which 

rapidly  increases  as  the 
exhaustion  proceeds,  an 
objection  which  would  be 
very  serious  in  a  large 
pump,  rendering  a  great 
force  necessary  to  work 
it.  Both  of  these  diflknd- 
tics  are  overcome  iu  the 
pump  represented  iu  Fig. 
801.  A  section  of  this 
pump  is  represented  in 
Fig.  o02,  and  tlie  details 
of  the  upper  valve  in 
Fig.  303. 

In  Uiis  air-pump  there 
are  three  valves,  all  open- 
ing upwards  :  one  at  the 
bottom  of   the    cylinder, 
covering    the    mouth   of 
the  tube  connecting  with 
the  receiver  (o   in    Fig. 
802);  one  at  the  top  of 
tlie  pibton,  by  covering  the 
^     holes  perforated  tlirough 
it;  and,  finally,  one  at  tlie 
top  of  the  cylinder,  c,  cov- 
ering the  aperture  which  opens  into  the  atmosphere.    The  piston- 
rod  passes  through  a  packing-box,  ft,  in  which  it  moves  air-tight, 
and  the  power  is  applied  to  the  piston-rod  by  means  of  a  lever, 
which  facilitates  the  working  of  the  pump.     Let  us  now  sup- 
pose that  we  start  with  the  piston  at  the  bottom  of  the  cylinder, 
and  proceed  to  raise  it.     The  air  from  Uie  receiver  expands 


^ 
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I  the  emptj  epace  thus  formed  in  the  cylinder,  raising  the 
As  iiuw  tUo  pixtoii  descends,  the  valve  a  closes  and 
I  irc^-cii  ts    the    air    from    ro- 
uniiug  to  the  receiver  ;  and 
lis   air  passes  up,  lliroiigli 
■    ■-  holes  in  the  piston,  iiui 
'■  upper  part  of  the  cyliu 
r,    raining    tlio    valve    'L 
■  licQ  nest  the  piston  rise^, 
s  aamc  air,  now  in  tbo  iii>-  ' '-  -  ■ 

;"Tp«rtorUie  cylinder,is  forccii  ovit  inin  tW  alnius|i]ierc  by  rais- 
ing Uifl  valvo  c.  At  llio  same  time,  a  fresh  amount  of  air  from 
the  roc«ivor  expands  into  tlie  space  below  ihe  piston,  which  air  is 

Eout  by  thti  next  stroke  at  the  valve  c,  as  before,  and  thns 
uously. 
.  evident  from  the  construction,  that,  as  the  piston  rises,  tlie 
<vc  it  is  gradually  condensed,  and  the  valve  c  does  not  open 
until  Ihe  density  of  tlie  air  is  equal  to  that  of  the  atmosphere. 
During  tJie  first  few  strokes,  the  force  required  to  raise  the  piston 
is  coiisidcrablo  ;  but  as  the  exhaustion  proceeds,  tlie  effort  neces- 
sary buconies  less  and  less,  until  at  last  only  sufhcient  force  is 
required  to  overcome  the  friction,  and  a  sudden  pressure  at  the 
end  of  the  stroke  to  expel  the  air  condensed  at  the  top  of  the 
cyUndcr,  In  pumps  like  the  one  represented  in  Fig.  300,  the 
•lie  of  the  piston  and  cyhnder  is  necessarily  very  limited  ;  he- 
cause,  if  the  area  of  the  piston  exceeds  a  very  limited  extent,  the 
prcssuTD  of  the  air  on  the  upper  surface  liecomes  bo  great,  as  the 
exbau.^tioi)  proceeds,  as  to  require  an  impracticable  amount  of 
force  to  work  the  pump.  With  pumps  of  llio  construction  just 
described,  tins  pressure  is  In  great  measure  removed  ;  and  it  is 
possible  to  increase  very  greatly  their  size  advantageously.  Fig- 
nt?  304  is  a  representation  of  a  large  air-pump  of  this  descrip- 
?n,  made  by  Ritchie,*  of  Boston.  The  piston  is  10  c.  m.  in 
.meter,  and  the  length  of  the  stroke  26  c.  m.  The  ground 
B  |ilatc  is  37  c.  m.  hi  diameter,  and  admits  of  as  large  a  bell- 
fJTer  as  can  bo  readily  made.  Tlie  efficiency  of  tlio  pump 
inds  in  great  measure  upon  the  valves.    These  are  W^st  made 


901  an<t  Pi 
Kef  ill.  E.  S.  Ritchie,  a  nij  cxpcn  pUilosupbical- 


maker  of  Bosioa. 
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of  delicate  oil-silk.    The  details  of  the  u^per  valre  of  tin  p 
as  mado  b;  Ritchio,  are  shown  id  F^.  303.    The  <Hl«lk  Si,*,  ] 


is  kept  in  its  place  by  tlio  pin  b,  and  the  whole  is  protected  by  tb* 
doine-sliapcd  covering  c  d.  Tlic  tube  at  tlie  side  discharges  tW 
air,  and  tlic  oil  wliich  escapes  with  it  is  conducted  into  ares^ 
voir  placed  below  tho  basement  of  the  pump.  This  pnmp  ** 
furnisliod  with  a  manometei'  similar  in  principle  to  the  one  reft^ 
edited  ia  Fig.  272,  by  wliich  the  degree  of  exhaustion  can  t* 
ascertained.  It  is  represented  in  the  figure  on  the  left-hand  riJ* 
of  the  i)ump. 

Besides  tliose  already  enumerated,  there  is  obTiou!^ly  another 
limit  to  the  degree  of  exhaustion  which  can  be  obtaiucd  with 
this  pump.  This  arrives  when  the  elasticity  of  tho  air  left  in  tl* 
receiver  is  insuRicicnt  to  raise  tho  lower  valve  a,  Fig.  302.  In 
order  to  overcome  tliis  difficulty,  the  lower  valve  in  the  Frendi 
form  of  air-pump*  is  opened  and  shut  mechauically.     Babioet 

*  For  n  deMTiptton  of  the  French  fonn  of  air.pump.  Me  »aj  of  tho  Frcndi  vsA) 

on   pb.v.iC.. 
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l»a.s  still  further  improved  tlio  French  aip-pump,  by  bo  connecting 
tH^  two  barrels  tliat,  after  a  certain  degree  of  exliaustion  has 
^>^»^a  attaiued,  the  second  is  made  to  exliaust  tlie  first.  There 
ca.t3  1)c  no  doubt  that  a  higlier  degree  of  cxiiaustion  can  bo  ob- 
*a5jied  with  the  French  pump,  thus  arranged,  tliau  with  llie  pump 
J  *->-st  described  ;  but  tliis  gain  is  hardly  compensated  by  the  greater 
^c>oplexity  and  consequent  liability  to  dfjraugemcnt,  more  espe- 
*^ii».lly  since  a  sufficient  degree  of  cxliaustion  for  all  practical 
P^irposes  can  be  obtained  without  these  complications. 

^178.)    Condensing-Pump.  —  This  iustnimcnt  is  just  the  re- 
^^rse  of  the  air-pump,  and  it  is  used  for  increasing  the  density 
**f  air  in  a  receiver,  while  the  air- 
l**inip  is  used  for  diminishing  it.    Any 
**-ir-pump  may  be  converted  into  a 
^^Oodensing-pump    by   changing   the 
direction  of  all  the  valves.     For  ex- 
ample, we  may  use  tho  pump  rcpi-c- 
seuted  in  Fig,  300  as  a  condensing- 
pump.     Starting  with  the  piston  at 
the  bottom  of  the  cylinder,  we  give 
llie  stopcock  the  position  represented 
in  tbe  section  at  the  side.     Then,  on 
raising  the  piston,  tho  air  enters  at  v 
and  fills  tbe  cylinder.    Wo  now  turn 
the   cock  into  the   second   position, 
^^Miea,  on  pushing  down  the  piston, 
^^^^   air   is   forced   into   the  receiv- 
^^gt.    We  can  then  reverse  the  stop- 
cock and  repeat  the  process,  until 
the  required  degree  of  condensation 
is    obtained.      Instead,  however,  of 
placing   the    receiver   on   the   brass 
plate,  as  before,  wo  screw  it  on  be- 
yond  the   stopcock  p,  opening  this 
Kipcock,  and  closing  the  stopcock  u. 
The  most  convenient  form  of  con-  *'^-  ^"^ 

nsing-pump  for  tho   laboratory  is 
represented  in  Fig.  30.5.     It  consists  of  a  cylinder,  and  a  piston, 
which  is  moved  by  the  handle  M.     Tlie  two  valves,  which  are 
both  at  tbe  bottom  of  tbe  cylinder,  are  represented  in  sectioa  iu 
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Fig.  306.    Thej  are  made  to  fit  exactly  the  conical  opening!  it 
the  bottom  of  the  cylinder,  and  are  kept  in  place  bj  very  didiole 


spiral  springs.  Wlien  the  piston  rises,  the  Talve  A  opens  ud 
admits  the  air  tlirough  the  tulxi  c  a  into  the  cylinder.  On  tbe 
other  liand,  when  the  piston  descends,  the  valve  A  closes,  wliDe 
B  opens,  and  tlie  air  is  forced  out,  through  the  tube  b  d,  into  Uk 
receiver  placed  at  d.  It  is  evident,  that  if  two  receivers  are  «»- 
nected  vith  tlie  pump,  one  at  c  and  the  other  at  d,  tlie  air  will 
be  exhausted  from  one  and  condensed  in  the  other.  The  pomp 
may,  therefore,  bo  used  either  for  condensing  or  rarefying,  hi 
using  tiie  pump,  it  is  fastened  firmly  to  a  table,  or  some  otbei 
solid  support,  and  the  handle  M  is  moved  up  and  down  alter 
natcly  witli  the  two  hands. 

Tliis  simple  machine  is  snflicient  for  almost  all  purposes.  If, 
however,  a  more  powerful  apparatus  is  required  for  coiidensiog 
gases  into  lai^  reservoirs,  it  is  best  not  to  increase  the  size  of  tba 
pump ;  but  to  combine  several  cylinders,  connecting  tliem  all  with 
tlie  same  receiver.  The  piston-rods  of  all  these  cylinders  caii  ba 
united  by  cranks  to  one  axis,  and  a  handle  connected  with  a 
fly-wheel  can  be  used  to  give  this  axis  a  regular  and  unifcom 
motion. 

(179.)  Water-Pump.  —  Entirely  analogous  in  its  principle  to 
tlie  aii>pump  is  tlie  common  water-pump,  a  glass  model  of  which 
is  represented  in  Fig.  307.  It  consists  also  of  a  hollow  cylinder, 
in  which  moves  a  piston,  B.  It  has  two  valves,  both  opening  up- 
wards ;  one  at  the  bottom  of  the  cylinder,  covering  the  mouth  of 
the  tube  leading  to  the  water  of  Uie  well,  and  the  other  at  tht 
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lop  of  ihe  piston,  coTeriiig  the  hole  with  which  it  is  pierced.  If 
tlie  pi^toa  aud  ralces  are  sufficient!/  tight,  this  pump  will  act  as 
aa  air-pump,  and  on  luoving  the  piston  by  tlio  Imndle  Paltcp- 
natcly  up  and  down,  it  will  ex- 
haust the  air  from  the  tube  A. 
But  since  the  end  of  the  tube 
dips  under  water,  tlie  pressure 
of  tlie  air  will  force  up  the  water 
imtil  it  fills  botli  the  tube  and 
"iQ  cylinder  below  the  piston. 
T"'>en,  on  loweruig  the  plEtoD, 
tbe  water  in  tlic  cylinder  will 
■■ftise  the  valve  o,  aud  pass  above 
'■"e  piston.  Afterwards,  on  rais- 
^"g  the  piston,  this  water  will 

"C  lifted  and  discharged  into  the 

Pipo  C,  while  a  fresh  quantity  of 

*alcr  will  bo  forced  up  by  the 

iltiiiospheric    pressure    through 

tfie  valve  S.     Tlius,  at  each 

stroke  of  the  piston,  a  quantity 

of  water  is  lifted  equal  to  the 

capacity  of  the  cylinder  less  the 

volume  occupied  by  the  pistoa 

itself.     If  the  piston  and  valves 

are  not  sufficiently  tiglit  to  pump 

eat  tlie  air,  they  can  be  made  so  I: 

tlie  pump.     This  is  what  is  called  the  dratving  of  jcater,  and  the 

philosophy  of  this  well-known  process  is  evident. 

It  follows  from  this  description,  that  the  pump  will  not  work,  if 
the  bottom  of  the  piston,  in  its  highest  position,  is  over  ten  metres 
above  the  level  of  the  water  in  tlic  well ;  and  it  was  an  attempt 
of  some  Florentine  engineers  to  raise  water  in  the  suction-tube 
of  a  pump  above  this  height,  which  led  to  the  discovery  of  the 
pressure  of  the  atmosphere.  On  account  of  the  imperfections  of 
the  valves  and  piston,  a  putnp  will  seldom  work  in  practice  higlier 
than  eight  metres.  The  height  of  tlie  tube  C,  in  which  the  water 
is  lifted  by  the  piston,  may  be  very  considerable,  and  the  whole 
heiglit  through  which  the  water  is  raised  by  the  pump  is  fre- 
quently very  much  over  ten  metres ;  but  the  difficulty  of  working 


r  pouring  a  little  water  into 
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a  pump,  and  keeping  it  in  order,  increases  very  rapidly  with  the 
height  of  the  cohimu  of  water  which  is  lifted. 

PROBLEMS. 

Unless  othervnse  stated,  the  temperature  in  all  the  following  problems  isiobetahenasifiC^ 
and  the  height  of  the  barometer  at  76  c.  m. 

Weight  of  a  Body  in  Air. 

176.  A  mass  of  metal,  whose  Sp,  Gr.  =  11.35,  weighs  0.575  gramme 
in  a  vacuum.     How  many  milligrammes  will  it  lose  when  weighed  in  air? 

177.  A  brass  weight  (J^.  Gr.  =  8.55)  weighs  in  a  vacuum  one  kilo- 
gramme.    How  many  milligrammes  does  it  lose  when  weighed  in  air? 

178.  A  body  loses  in  carbonic  acid  gas  1.15  gramme  of  its  wei^ 
"What  would  be  the  loss  of  its  weight  in  air  and  in  hydrogen  ? 

179.  A  body  loses  7  grammes  of  its  weight  in  air ;  how  much  of  iti 
weight  would  it  lose  in  carbonic  acid  and  in  hydrogen  ? 

180.  What  is  the  weight  of  hydrogen  contained  in  a  glass  globe  whoM 
surface  is  equal  to  10  m^'? 

181.  A  glass  globe  from  which  the  air  has  been  exhausted  wei^ 
254.735  gram.  When  full  of  air,  it  weighs  289.621  gram.  When 
full  of  another  gas,  308.078  gram.  What  is  the  capacity  of  the  globe, 
and  what  is  the  specific  gravity  of  the  gas  ? 

182.  A  glass  globe  30  c.  m.  in  diameter,  filled  with  air,  and  hermeti- 
cally sealed,  is  balanced  in  the  atmosphere  by  brass  weights  amounting  to 
35G.225  gram.  How  much  would  it  weigh  in  a  vacuum  ?  How  mudi 
would  the  globe  weigh  in  a  vacuum,  if  it  were  opened  so  that  the  sir 
could  be  exhausted  from  the  interior?  Sp,  Gr,  of  brass  8.55,  and  of 
glass  3.33. 

183.  A  glass  globe  hermetically  sealed  weighs  in  the  air  25.236  gram, 
and  gains  in  a  vacuum  0.632  gram.     What  is  its  diameter  ? 

Buoyancy  of  Axr, 

184.  What  is  the  ascensional  force  of  a  balloon  one  metre  in  diameter, 
three  quarters  filled  with  hydrogen,  when  the  balloon  itself  weighs  one 
hundred  grammes  ? 

185.  Calculate  the  ascensional  force  of  a  spherical  balloon  made  of 
prepared  silk  and  filled  with  impure  hydrogen,  knowing  that  the  bal- 
loon itself  weighs  63,620  gram.,  that  the  prepared  silk  weighs  250  gram. 
the  square  metre,  and  that  a  cubic  metre  of  impure  hydrogen  weighs  100 
gram. 

186.  What  would  be  the  ascensional  force  of  a  spherical  balloon  seven 
metres  in  diameter,  two  thirds  filled  with  hydrogen,  when  the  balloon  and 
attachments  weigh  twenty  kilogrammes  ? 
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187.  Tbc  iDKtcrinl  of  a  bnlloon  conlnining  1229  c,  m.'  weighs  1.5  gram. 

m  Ike  boUloon  u  lilltKl  with  hjdrogvii,  whose  speuilic  graviij'  referred  to 

^^■|er  u  0.01>OO^U03,     The  ^pei-Ilic  gravity  of  [lie  Burrounding  ait  u 

^^HtlSIOA.     Wilt  the  balloon  riae  in  the  atmosphere  ? 

^^H|68.  The  material  of  a  spherical  balloon  and  ili  allachmenls  weighs 

f^Vo  kilogramtnes.      This    balloon   ia   15  m.  in  diameter,  and  is  three 

fourths  filled  with  gas  whose  specific  gravity  eqnals  O.OOOJ.     The  speciHc 

pmtiiy  of  the  surrounding  uir  is  O.0U13.     What  ia  tlie  ascensional  force 

oT  tbe  balloon  ? 

Jiaromfler. 
J89.  VTheo  the  surface  of  a  column  of  mercury  in  a  barometer  stands 
eirea  above  the  mercury  in  the  basin,  with  what  wcighl  m  the 
ipbere  preying  on  every  square  centimetre  of  surface  ?     ^.  Gr.  of 
f  =  13.596. 
■90.  To  wlmt  difference  of  pressure  does  a  difference  of  one  centi- 

B  In  the  barometric  column  correspond  ? 
p91.  IVli^n  the  water  barometer  stands  at  ten  metres,  what  ia  the 
o  of  the  air  if  the  temperature  is  4°  ? 
W2.  How  high  would  an  alcohol  barometer,  and  how  high  a  sulphuric- 

I  barometer,  stand  under  tlie  some  circumstances,  disregarding  in  each 
B  Um  tension  of  the  vapor  ?  ^.  Gr.  of  alcohol  =  U.K095  ;  Sp.  Gr. 
hllpharic  acid  =  1.65. 

.  Wlien  the  mercury  in  a  barometer  stands  75.2  c.  m.,  with  what 

t  is  tlie  atmosphere  pressing  on  every  square  centimetre  of  surface  ? 

w  high  would  barometers  stand  under  the  same  circumstances,  filled 

II  liquids  of  the  following  spocitic  gravities,  viz.  1.12,  1A5.  2.36,  3  ? 
hi*.    When  the  mercury  barometer  etands  at  7G  c.  m.,  what  must 

"'%e  tbe   length  of  a   water  barometer  inclined  to  the  horizon  at  an  angle 
of  SO"? 

193.  If  a  barometer,  having  its  lower  end  immersed  in  a  basin  of  mer- 
U,  be  suspended  from  the  beam  of  a  balance,  and  weighed,  is  its  weight 
i  by  weighing  it  again  when  inverted  and  containing  the  same 
totitj  of  mercury  as  before  ? 

Pruturt  of  the  Atmotphtre. 
f9S.  Wli*ai  the  barometer  stands  at  76  c.  m.,  how  great  ia  the  pre»- 
■  of  the  air  upon  a  plane  surface  having  an  area  of  one  square 

197.  "Hie  body  of  a  man  of  ordinary  stature  exposes  a  surface  of  about 
oae  Mfuarc  mptrc.  How  great  a  pressure  does  the  body  sustain  when  the 
baroraclcr  stands  at  72  c.  m.  ?  If  tbe  barometer  rises  to  78  c  m.,  bow 
ffoX  U  tbe  increase  of  pre«sur«  ? 


838  CHEMICAL  PHT8IC8. 

198.  When  the  barometer  stands  at  72  c.  m^  how  great  is  the  pRi- 
snre  of  the  air  on  a  sphere  whose  radius  is  equal  to  6675  cm.? 

199.  When  the  bcux>meter  stands  at  76  c.  m.,  what  is  the  pressure  es- 
erted  in  the  vertical  direction  on  a  sphere  125  c.  m.  in  diameter? 

Mariotte^B  Law. 
In  all  ikae  probUmM  the  law  is  to  be  regarded  ae  iMvariahU, 

200.  A  volume  of  hjdrogen  gas  was  measured  and  found  to  be  equsi 
to  250  c.'in.^  The  height  of  the  barometer,  observed  at  the  same  time,  wti 
74.2  c.  m.  What  would  have  been  the  volume  if  observed  when  the  ba- 
rometer stood  at  76  cm.?  What  would  be  the  volume  at  an  elevation st 
which  the  barometer  stands  at  56  c  m.  ? 

201.  A  volume  of  nitrogen  gas  measured  756  c.  m.^  when  the  baraneter 
stood  at  77.4  c  m.  What  would  it  liave  measured  if  the  barometer 
had  stood  at  76  c.  m.  ? 

202.  A  volume  of  air  standing  in  a  bell-glass  over  a  mercury  pnensittie 
trough  measured  568  c.  m.'  The  barometer  at  the  time  stood  at  75.1 
centim.,  and  the  surface  of  the  mercury  in  the  bell  was  found,  by  mess- 
urement,  to  be  6.5  c.  m.  above  the  surface  of  the  mercury  in  the  troafjki 
What  would  have  been  the  volume  had  the  air  been  exposed  to  the  pies- 
sure  of  76  c  m.  ? 

203.  A  volume  of  air  standing  in  a  tall  bell-glass  over  a  mercury  pneu- 
matic trough  measured  78  c.ln.^  The  barometer  at  the  time  stood  at  71.6 
c.  m.,  and  the  mercury  in  the  bell  at  57.4  c.  m.  above  the  mercoiy  in 
the  trough.  What  would  liave  been  the  volume  had  the  pressure  been 
76  cm.? 

204.  What  would  be  the  answers  to  the  lost  two  problems,  had  the 
pneumatic  trough  been  filled  with  water  instead  of  mercury  ? 

205.  The  specific  gravity  of  air  at  0*  and  76  c  m.  referred  to  wster 
is  0.00129206.  What  is  the  specific  gravity  when  the  barometer  stands 
at  the  following  heights,  viz.  72.65  c  m.,  74.23  c  m.,  75.54  c  n^ 
77.82  c  m.  ? 

206.  The  specific  gravity  of  carbonic  acid  gas  at  0*  and  76  c.  m.  re- 
ferred to  water  is  0.00196663.  What  is  the  specific  gravity  when  the 
barometer  stands  at  the  heights  given  in  the  lost  problem  ? 

207.  A  glass  globe  10  c  m.  in  diameter  hermetically  sealed  weighs 
45.120  gram,  when  the  barometer  stands  at  74.5  c.  bl  What  would  it 
weigh  if  the  barometer  stood  at  76  c.  m.  ? 

208.  A  glass  globe  hermetically  scaled,  30  c.  m.  in  diameter,  suspcDded 
to  one  pan  of  a  balance,  is  poised  by  325.422  grammes  in  brass  weighs 
when  the  barometer  stands  at  76.21  c.  m.  Af\er  several  hours  it  is  found 
to  have  lost  in  weight  0.022  gram.  What  is  now  the  height  of  the  bn^ 
rometer,  supposing  the  temperature  not  to  have  changed  ?  Sp^  Gr* » 
brass  8.55. 
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.  A  glan  globv  hcrmetifAlly  closod  was  Tound  lo  weigh  3.^4.567 

.  when  the  barometer  stood  Bt  73  c  m.,    and   to  weigb  333.917 

u  whrn  tbc  btirDnivier  elood  at  77  c.  m.     What  ia  the  diameter  of 

ha  g)ob«? 

SIO.  A  ^Um  glob«  35  c  in.  in  diameter  contains  how  man^  i^mmes 

'  litrltngen  at  th«  following  pressures,  viz.  72.2  tu  m.,  74.6  c.  m.,  76  c.  m., 


.11.  Two  glass  globes  are  ror 
<tu(ji3)clc.  In  the  first  globe  there  a. 
in  iho  tccond,  3i0  c-  m.'  of  air  i 
lie  Moptock,  whul  will  be  the  lens 


ecled  by  a  tube  in  which  there  is  a 
:  2J0  c7m'ofnir  at  a  tension  of  2  cm. 
n  ten.'iion  of  10  r.  m.     After  opening 

pn  in  botli  globes .' 


Iiiio  an  exhaui^ied  jar  having  a  capacity  of  GO  litres  tlicre  have 

II  pourrd  30  litres  of  nitrogen  at  the  pressure  of  72  c.  iil.,  15  litrea  of 

;ra  at  the  pressure  of  64  c.  m.,  and  5  litres  of  carbonic  acid  gas  at 

I   prasupe  of  78  c.  m.     What  is  the  elastic  force  of  the  mixture  ? 

21S.  A  glass  globe  contains  8.5-18  gram,  of  air.     It  is  afterwards  filled 

iriili  protoxide  of  nitrogen  whose  ^.  Gr.  =  1.52,  that  of  air  being  unity, 

n'liat  is  the  weight  of  the  gas,  1st.  when  the  tension  of  the  two  gases  is 

-:in>e,  2il.  when  the  tension  of  the  air  b  76  c.  m,  and  that  of  the  pro- 

Ip:^  of  nlirogen  78  era.? 

^■14.  Aglassglobe  weighs,  when  completely  empty,  152.475  gram.;  full 

jf  air,  h  weighs  163.386  gram.,  and  full  of  another  gas,  157.235  gram. 

What  is  the  Sp-  Gr.  of  the  gas,  supposing  the  pressure  the  same  at  all  th« 

vtfgUiigs  ?     Also,  what  correction  must  be  made  if  the  pressure  was  76 

i,  m.  daring  llie  weivhing  of  the  globe,  77  e.  m.  during  the  weighing  of  tlie 

lir.  and  74  c.  m.  during  the  weighing  of  the  gas  ?    The  tension  of  the  air 

ud  gas  iu  the  balloon  is  supposed  to  be  76  c.  m.,  and  the  temperature  is 

1  invariable  at  0°. 

ACmotphere. 
h  jMimi'iijI  jiinAlim  mag  b*  telvrJ  bf  Babinrfi  Jbnsula.     Stt  note  lo  page  int. 

,  Find  the  difierence  of  level  of  two  stations  from  the  following 


BelglM  of  barnmetcr  at  lower  station  reduced  to  0*  &,  755  m.  m. 

fcdipemtiire  of  air         -  «  15"  C. 

i?ighl  of  barometer  at  upper  station  reduced  to  0°  C,  695  m.  m. 

mp^ralilre  of  air  "  "  10°  C. 

,  Find  the  dlfferenec  of  level  of  two  stations  from  tlio  following 

eight  of  barometer  at  hmer  station  reduced  to  0°  C,     "30  m.  m. 
Vempcratiire  of  wr         "  "  20*  C. 

lei^t  of  barometer  at  upper  station  reduced  toQ°  C~,     C35  m.  m. 
SmmfQnXure  of  air         "  "  15'  C. 

P7.  Find  the  height  of  Mount  WashingtoD  above  sen  level  from  the 
iaK  oUwrvatkins  of  Prof.  Arnold  Guyol,  Aug.  8,  1851,  4  P.  M. :  — 
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Height  of  barometer  at  Gorham  reduced  to  0''  d,  740.70  m.  n. 

Temperature  of  air  at  Grorham,        .        .        •  22°.S5 
Height  of  barometer  near  the  sununit  of  Mount 

Washington  reduced  to  C*  C,       .        •        .  608.93  m.  m. 

Temperature  of  air  at  summit,     •        •        •         .  10^.30 

Barometer  at  Gorham  above  sea  level,     •        •  251  m. 

Air-Pump. 

218.  The  capacity  of  the  cylinder  of  a  pump  is  one  tenth  of  thai  of  the 
receiver.  What  will  be  the  tension  of  the  air  in  the  receiver  afler  1^2,8, 
4,  5,  10,  and  40  strokes  of  the  piston,  the  original  tension  being  76 cm.? 

219.  The  capacity  of  the  cylinder  of  a  pump  is  one  third  of  the  am- 
pacity of  the  receiver.  Afler  how  many  strokes  of  the  piston  will  the  tea- 
sion  of  the  air  in  the  receiver  be  reduced  to  j^jj  of  its  primitive  amooDt? 

220.  If  the  air  in  the  receiver  of  an  airrpump  is  by  two  strokes  of  the 
piston  made  four  times  rarer  than  it  was  at  first,  what  is  the  ratio  of  the 
capacity  of  the  receiver  to  that  of  the  barrel  ? 

221.  If  in  an  air-pump  the  density  before  is  to  the  density  after  three 
strokes  of  the  piston  as  35  is  to  8,  determine  the  ratio  of  the  capaeitf 
of  the  receiver  to  that  of  the  barrel. 

222.  If,  in  an  air-pump  similar  in  construction  to  Fig.  300,  an  inteml 
be  left  between  the  piston  and  the  base  of  the  cylinder  at  the  lowest  poe- 
sible  position  of  the  piston,  determine  the  density  of  the  air  in  the  re- 
ceiver after  n  strokes  and  af^r  an  infinite  number. 

223.  The  piston  of  a  common  pump  is  6  c.  m.  in  diameter,  and  the 
vertical  height  of  the  mouth  from  the  surface  of  the  water  in  the  well  is 
6.250  m.  How  great  is  the  intensity  of  the  force  required  to  raise  the 
piston,  assuming  that  there  is  no  gain  by  leverage  ?  Is  there  any  giin 
in  power  in  the  use  of  a  pump  over  a  bucket  in  raising  water? 

224.  What  are  the  conditions  under  which  the  common  pump  will  not 
draw,  when  the  piston  does  not  descend  to  the  fixed  valve  ? 

225.  If  a  body  when  placed  under  the  receiver  of  a  given  air-pmnp 
weighs  a  gram.,  and  after  n  strokes  weighs  b  gram.,  determine  the  weight 
of  the  body  in  a  vacuum ;  and,  supposing  the  specific  gravity  of  the  bodf 
known,  determine  the  specific  gravity  of  the  air  in  the  receiver  at  first 

Afiscellaneous. 

226.  A  cylinder,  the  height  of  which  is  6  c.  m.  and  the  radioa  of  the 
base  1  c.  m.,  is  filled  with  atmospheric  air.  To  what  depth  will  a  piston 
sink  in  the  cylinder  which  weighs  10  kilogrammes?  To  what  depth 
would  it  sink  if  it  weighed  1000  kilogrammes? 

227.  In  the  cylinder  described  in  the  last  example,  a  piston  is  forced 
down  2  c.  m. ;  determine  the  pressure  of  the  confined  air.  Determine 
also  the  pressure  of  the  air  when  it  is  forced  down  5.64  c  m. 
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.  CoJtiutaie  ibe  total  weight  or  the  atmosphere  io  kilogr&mmeg,  sup- 
f  tlie  height  of  ibe  baromfter  TG  c.  m.,  and  the  rudiiis  of  the  earth 
IdctMl  fts  a  sphere  equul  to  G,3G6  kiloraetreB.  Cahmhit«  also  the 
fl  of  an  equiv&lunt  mas^  of  gold,  knowing  that  the  ^.  Gr,  of  gold 
JC3,  and  that  of  mercury  =:  13.69G. 

■  If  ihe  sUitude  of  the  mercury  in  a  barometer  pLtced  in  an  ordi- 
kdiving-bell  be  ab?erved  at  tlic  beginning  and  end  of  a  descent,  deier- 

I  the  depth  dcsceudud. 

K).  Determine  tJie  tension  of  the  rope  by  n'hich  an  iron  diving-bell 
ided  ai  any  depth  below  the  surface. 
.  If  a  cjiiiidrical  lube  152  c.  m.  long  be  half  filled  with  mercniy, 
a  invened,  determine  bow  high  the  mercury  will  stand  when  the 
r  Uands  at  76  c.  m. 
.  Having  given  tlie  quantity  of  air  lefl  in  a  barometer  tube  be- 
tomeriiiun,  find  lb«  height  at  which  the  mercury  is  supported  afWr 

.  ir  in  an  imperfectly  filled  barometer  tube,  of  which  the  length  is 
L  Ru,  itic  mercury  stands  at  74  c.  id.,  when  in  a  well-filled  tube  it 
B  at  76  c.  m.,  determine  at  what  height  it  will  stand  in  the  imperfect 
Ewlien  it  standi  at  70  in  (he  perfect  one. 

>  barometers  of  the  same  given  length,  I,  being  imperfectly 
I  with  mercury,  are  observed  lo  etand  at  ibe  beightd  //  and  Jf  on 
lay,  aod  A  and  h'  on  another.  Determine  the  quantity  of  air  leil  in 
L  Mippocing  the  temperature  invariable. 

.  A  brll  partly  filled  with  gas  is  standing  over  a  pneumatic  trough. 

BteHor  diameter  is  G  c  m. ;  its  weight,  one  kilogramme ;  and  the  level 

in  the  bell  U  22.8  c  m.  above  the  level  of  tlie  mercury  ia 

Higli.    Ncgleeling  the  weight  of  the  gas,  how  much  force  in  grammes 

uireil  lo  EU^Iain  tlie  bell  in  its  position,  supposing  that  no  portion 

r  the  mercury,  and  that  the  temperature  is  at  0°  ? 

■6.  A  body  of  known  specific  gravity  is  floating  between  two  immis' 

whose  specific  gravities  are  also  given.     Determine  the  por- 

KlniBersed  in  eaclu 

.  A  cylinder  of  known  specific  gravity  and  magnitude  fioets  with 
»  nmical  in  a  vessel  of  water.     What  will  be  the  effect  of  remov- 
ilie  ainuwpheric  pressure  ? 

.  An  hydrometer  similar  to  Fig.  248  is  divided  into  150  parts  of 
I  capacity,  and  so  coiiELrucIetl  that  when  in  vacuo  it  sinks  in  pure 
»  at  4'  C.  lo  the  lOOlIi  diviaion.     When  immersed  in  sulphuric  acid, 

■  suodard  temperature  and  pressure,  it  sinks  to  the  5Jih  division. 
■rhat  point  would  it  sink  were  the  experiment  made  t»  vacuo,  and 
I  b  Uw  true  spccifir  gravity  of  (lie  acid  ? 
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MOLECULAB  FORCES  BETWEEN  HETEBOGENEOU8  MOLECULK& 

(180.)  Ad/iesion.  —  Having  studied  tlio  plicnomena  caiued 
by  the  action  of  molecular  forces  between  homogeneous  mok- 
culeSf  as  manifested  in  the  characteristic  properties  of  solids, 
liquids,  and  gases,  we  como  next  to  consider  tliose  pheiKHDCiii 
which  are  caused  by  the  action  of  molecular  forces  between  kete- 
rogeneous  molecules.  As  we  have  already  seen,  the  molecular 
forces  are  eitlicr  attractive  or  rcpidsivc  (78).  To  the  attractive 
force,  when  exerted  between  homogeneous  molecules,  like  those 
of  the  same  IkkIv,  whether  it  be  solid,  liquid,  or  gaseous,  we  give 
the  name  of  cohesion  (TO).  But  when  the  attractive  force  is 
exerted  l>etwecn  heterogeneous  molecules,  like  those  of  difierent 
bodies,  and  still  does  not  produce  any  chemical  cliange,  wo  cill 
it  adhesion.  It  must  not,  however,  be  supposed  that  these 
attractive  forces  are  essentially  difTcrcnt  in  the  two  cases.  The 
distinction  between  cohesion  and  adhesion  is  only  nuide  for  tlie 
sake  of  classification,  and  it  is  at  least  possible  tliat  they  ire 
merely  different  manifestations  of  the  one  force  of  universal 
gravitation  already  considered. 

The  phenomena  of  adhesion  are  quite  niuncrous,  and  they  can 
l>e  most  conveniently  classified  according  to  the  mechanical  con- 
dition of  the  masses  of  matter  between  which  the  force  acts. 
We  will,  therefore,  consider  in  order  the  phenomena  caused  by 
the  action  of, — 

First,  solids  on  solids  (^remenls). 

Secondly,  solids  on  liquids  (jcapillariti/j  solution). 

Thirdly,  solids  on  gases  (jabsorpiion  of  gases). 

Fourthly,  liquids  on  liquids  (Jiquid  diffusionj  owmose). 

Fifthly,  liquids  on  gases  {solution  of  gases). 

Sixthly,  gases  on  gases  (^gaseous  diffusion) . 

Solids  on  Solids. 

(181.)  Adhesion  between  Solids.  —  Many  of  the  most  famil- 
iar phenomena  of  daily  life  are  owing  to  the  attractive  forces 
which  exist  between  heterogeneous  particles  of  solids.  Tlius 
the  particles  of  dust  floating  in  a  room  adhere  to  the  ceiling  in 
opposition  to  the  force  of  gravity.  In  like  manner,  the  particles 
of  chalk  adhere  to  the  vertical  surface  of  a  blackboard,  and  tlie 
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of  iilumbago  abraded  from  a  lead  pencil  adhere  to  A 
writing' paper.  So  also  the  odhcsioa  of  paint  to  wood 
or  eatiTOJi,  that  of  the  tin  smolgiiin  to  the  hacks  of  glass  mirrors, 
and  tJuil  of  gold-leaf  to  pictiiro-framcs,  belong  to  tho  same  class 
of  phcnomciia.  Tho  numerous  important  applications  of  india- 
■fabcr  tn  the  chemical  lalioratory  furnish  still  furtlior  illustra- 
^Ki  of  adhesive  force. 

^Bbidiik-rubber  adheres  Ycry  stronglj  to  glass,  and  this  propcrt]^ 
Tenders  it  tuTaliiablc  for  making  stoppers  to  gl^iss  bottles  and  air- 
tight jotiiLs  ttetween  glass  tubes.  Tho  <»)mmou  method  of  unit- 
ing together  glass  tubes  in  adjusting  chemical  apparatus  consitits 
in  ktrotching  over  the  ends  of  tlio  tubes  a  sliort  tube  of  india- 
mbbcr  called   a  connector,  e  /,  (Fig. 

i,)  to  that  the  ends  of  the  two  glass                 "j   .  _  / 
tt  sliall  meet  within  it.     On  liinding     ^"™^ 
itiduv-nibber  to  the  glass  by  means  of     i               •  r                j 
Ikoordor  Anc  copper  wire,  tlicadho-                   nt-sM 
t  is  stifTicicnt  to  resist  tho  action  of  mo}<t  gases,  unless  the  prcs- 
» is  considerably  greater  than  that  of  tho  almosphoro.     Thesa 
nectors  can  easily  be  made  of  the  required  dimensions  from 
elicet  iiidtn-niblwr.     Wo  apply  a  strip  of  india-rubber  previously 
foflciicd    by    heat,    to    the 
glass  tulw,  as  represented  in 
Fig.  3<I0.  and  then  cut  tho     t 
two   edges   with  a    pair  of 
sciaKtrs,  which  sliould  have 
Imod,   flat  blades,   and  be 
perfectly  clean.      The   cut 
edg««  immediately  unite,  and 

tltc  union  can  bo  made  more  solid  by  pressing  tlicm  togethor 
between  llie  thumb-nails.  The  iiidia-nibbcr  connector  will  ad- 
here at  first  firmly  to  the  glass  tube,  but  it  can  be  easily  removed 
after  dipping  tho  tube  into  water.  The  water  is  drawn  up 
botwd'n  tlie  glass  and  the  india-rubber  by  capillary  attraction, 

ElSto  adhesion  is  destroyed. 
,83.)  Ccmenlt.  —  The  use  of  cements  not  only  illustrates 
existence  of  an  attractive  force  between  the  molecules  of 
rof^ncous  mlidn,  but  abo  the  additional  fact,  that  tlie 
■treni^i  of  this  force  varies  wilh  the  nature  of  the  solids.  In 
uiiito  two  pieces  of  wood,  wo  first  fit  tc^tbor  carefully 
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tlie  surfaces  to  be  joined,  and  tlien  interpose  between  these  mt' 
&cesy  perfectly  cleaned,  a  tliin  layer  of  melted  glue.    When  the 
glue  hardens,  it  firmly  cements  together  the  two  pieces  of  wood, 
—  first,  by  the  adhesion  between  the  glue  and  the  wood,  and, 
secondly,  by  the  cohesion  between  the  particles  of  the  glue  itselC 
This  same  glue,  however,  would  fail  to  cement  together  pieces  of 
glass  or  of  stone,  because  the  adhesion  of  glue  to  these  solids  it 
much  feebler  than  its  adhesion  to  wood ;  but  fragments  of  glass 
and  porcelain  may  be  united  by  some  resinous  material,  such  as 
shellac,  and  those  of  stone  and  brick  by  mortar  or  some  cal- 
careous cement.* 

It  is  evident  that  in  all  these  cases  the  phenomena  of  adhesion 
are  mixed  with  those  of  cohesion.  The  adhesion  only  takes 
place  at  the  surfaces,  where  the  heterogeneous  particles  are 
brought  in  contact,  while  the  particles  of  the  solids,  and  those 
of  the  cement,  are  alike  held  togcUicr  by  the  force  of  cohe- 
sion. The  thinner  the  layer  of  cement,  the  more  perfectly  does 
it  fulfil  its  ofiice,  since,  when  a  thick  mass  is  used,  tlie  unequal 
expansion  of  the  different  solids  in  contact,  caused  by  cliauges  in 
temperature,  tends  to  destroy  the  cohesion  of  the  particles  of  the 
cement.  It  not  unfrequently  happens  that  the  adhesion  between 
tlie  particles  of  a  cement  and  the  bodies  which  it  unites,  is 
greater  than  the  cohesion  which  holds  together  the  particles  of 
the  body  itself.  On  attempting  to  separate  two  pieces  of  wood 
along  a  glued  seam,  we  often  see  a  film  of  wood  split  off  adhering 
to  the  surface  of  the  glue ;  and  the  feat  of  splitting  a  bank-note 
is  accomplished  by  cementing  it  firmly  between  two  flat  surfaces, 
and  then  forcibly  separating  them,  when,  the  cohesion  of  the 
paper  being  feebler  than  the  adhesion  of  the  cement,  the  paper  is 
split  through  the  middle.f 

Solids  and  Liquids. 

(183.)  Adhesion  of  Liquids  to  Solids.  —  That  the  surfaces  of 
solids  are  generally  wetted  when  dipped  into  a  liquid  is  a  &ct 
universally  known,  and  it  is  self-evident  that  the  liquid  mole- 
cules are  held  to  the  solid  surface  by  a  mutual  attraction  between 


*  For  a  description  of  the  yarions  cements  used  in  the  laboratorj,  the  ftndeak  if 
referred  to  the  works  on  chemical  manipulations  hj  Faradajr,  Morfit,  and  othen. 
t  Miller,  Elements  of  Chemistiy,  page  59. 
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lllqnid  and  solid  particles.  The  strength  of  this  attmctioti, 
Ich  18  niQch  greater  than  is  generally  supposed,  can  be  made 
eridcut  liy  a  Gimple  experiment.  IF  a  disk  of  glass  is  suspondcd 
to  tlic  pan  of  a  hydrostatic  balance,  and,  having  be^n  exactly 
counlcrpoijtcii  by  weights  in  the  opjxisite  pan,  is  appliud  to  the 
■urface  of  a  liqnid  capable  of  wetting  it,  it  will  bo  found  neces- 
larT  to  add  a  Tury  considcrablo  weight  to  the  counterpoise  in 
order  to  sopamte  the  disk.  Moreover,  when  the  scparatiun  takes 
place,  Uic  disk  will  bo  found  wet.  showing  that  tlio  reparation 
has  been  Itotwoon  tho  particles  of  liqnid,  and  not  between  the 
^^d  and  liquid  surfaces,  and  indicating  that  the  adhesion  was 
^Hkter  than  the  cobeEton  of  the  liquid. 

^Hl  ex]>orimenta  made  by  Gay-Lussac,  at  a  temperature  of  8°, 
HHl  a  circular  plate  118.3G6'm.  in.  in  diameter,  59.4  gram,  were 
TOquirod  U>  separate  it  from  water,  31.08  to  sepai-ate  it  from  alco- 
hol (Sp.  Gr.  =  0.8196),  and  34.1  to  separate  it  from  oil  of  tur- 
pcntiiifi.  It  was  also  found  that  the  substance  and  lluckiiess  of 
the  phitc  had  no  inBncncc  on  the  result,  proving,  ax  Iwforc,  that 
tho  foroe  overcome  by  llie  weight  was  the  cohesion  hctweeu  the 
particles  of  the  liquid,  and  further  showing  that  the  distance 
tliTHu^h  which  the  force  acted  was  loss  tlian  the  thickness  of  the 
liquid  film  which  remained  adhering  to  the  plate.  These  num- 
hers  cannot,  however,  1w  regai-ded  as  a  direct  measure  of  the  rel- 
ative cohesion  of  the  three  liquids,  as  could  easily  !«  sliown  hy  a 
farther  examination  of  the  conditions  of  the  experiment. 

Adhraion  also  exists  between  liquids  and  such  solid  surfacea  as 
lliey  have  not  tho  jwwcr  of  wetting.  Gay-Lussac  fomid  that  a 
disk  of  giass  adiicred  to  tho  surface  of  mci-cury  wiili  a  \cry  con- 
iUtfsUlc  force.  In  ait  experiment  made  as  just  descrllied,  with 
^^bt  of  glass  lis  m.  m.  in  diameter,  resting  on  the  surface  of 
^^pain  of  mercury,  it  required  in  one  case  296  gram.,  and  in 
SBOier  158  gram,,  to  cfToct  a  separation,  tlio  amount  of  weight 
required  depending  on  tho  manner  in  which  the  surfaces  were 
■{iplicd  lo  each  other.  In  these  experiments,  when  tlio  surfaces 
)  parted,  tile  separation  took  jilacc  between  the  mercury  and 
kglass,  indicathig  that  the  weight  overcame  the  adhesion  of  the 
•neauB  particles,  and  not  the  cuhcsion  of  tho  liqnid,  as  in 
\  other  experiments.  Moreover,  the  force  required  to  effect 
I  sepuiitiou  waa  no  longer  iiidcpcndeut  of  the  material  of  tho 
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(18-1.)    Capillar!/   Attraction. — "WIicd  a   solid  body  is  ptt^ 
tially  immersed  in  a  liquid,  tlie  Ibrco  of  adhesion  produces  im- 
portant modifications  in  the  laws  of  liquid  equilibrium  as  alnadj 
enunciated.     Thus,  for  example,  If  we  dip  the  end  of  b  fina 
glass  tube,  2  or  3  miUimctros  in  diameter,  into  water.  Die  liquid 
will  not  maintain  the  same  level  within  and  without  the  lube  is 
required  by  tlie  principle  of  (130),  but  will  be  elevated  in  the 
interior  of  the  tube,  and  maintained  at  a  height  vrhich  is  Torj 
cousidorably  above  the  exterior  level,  and  which  is  the  greater  tlie 
emaller  tlie  diameter  of  tho  tube.     Moreover,  the  surface  of  the 
water  does  not  remain  horizontal  near  tlie  walls  of  the  tulKS,t8 
required  by  (1-9),  but  on  tlic  outside  it  curves 
towards  tlie  tube,  as  represented  in  Fig.  810,  and 
in  the  interior  it  assumes  a  concave  form,  which, 
for  tubes  less  than  2  millimetres  hi  diameter,  it 
>ojisibly  hemispherical.     If  now  we  dip  llio  end 
of  the  same  tube  into  liquid  mercury,  wo  sluill 
obtain  a  result  equally  opposed   to  the  laws  of 
liquid   equilibrium,   but    of    a   reversed   order. 
The  colunm  of  mei-ciiry  in  tho  interior  of  tlie 
tube  will  bo  depressed  below  tbo  outside  level,  and  its  surface 
will  assume  a  convex  shape,  wliicli  for  a  small  tube  is  as  before 
sensibly  hemispherical,  while  on  the  outside  the  surface  of  the 
liquid  will  curve  from  the  tube,  as  if  repelled  by 
n     n  ''  C^'S-  311).     By  repeating  these  experiments 

I         1 1  with  dilfercnt  liquids,  and  with  tubes  of  various 

I         1 1  kinds,  we  sliall  obtain  results  like  the  first  when- 

^L  ^'  1^1     ever  the  liquid   has   tlie   power  of  wetting  the 
Hl^B|^E     walls  of  the  tube,  and  results  like  the  second 
HB^mS     when  tho  reverse  is  tlie  cose ;  while  iu  some  few 
rig  sii.  cases  (os,  for  example,  when  tho  tube  is  polished 

steel,  and  the  liquid  is  alcohol)  the  level  will  not 
be  changed,  and  the  surface  of  tlio  liquid  wili  remain  horizontal 
both  witliin  and  without  the  tube.  Those  phenomena  are  termed 
in  general  capillarity,  and  the  curved  surfaces  which  tho  liquids 
assume  in  tlie  proximity  of  solid  bodies  are  called,  respoctively, 
concave  and  convex  meniscusps.  In  studying  this  subject,  we 
will  first  consider  what  changes  the  molecular  forces  must  be  ex- 
pected to  produce  a  priori  iu  the  laws  of  liquid  equilibrium,  ond 
afterwards  we  will  examine  the  pliciiomona  and  see  how  closely 
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facts  coincide  with  our  theoretical  deduction.     Let  iib  com- 
ixucuce  with  the  shnplcst  case  possible,  and  consider  how  the  sur- 
face of  a  liquid  must  be  disturbed  by  the 
contact  of  a  solid  bar. 

Take,  for  example,  a  liquid  particle,  m 
(^Fig.  312),  in  contact  with  a  solid  bar, 
dipping  under  the  eurface  of  any  liquid. 
I  *XliU  particle  is  evidently  acted  upon  by 
i  force  of  gravity,  g,  and  by  three  othei' 
The  first  of  those,/,  is  the  result- 
'  Aiit  of  the  attractive  forces  exerted  by  tlic 
liquid  particles  included  in  the  quarter-  •.*■"— 

sphere  m  ab.  The  other  two,/'  and/",  arc  the  resultunts  of  the 
attractive  forces  exerted  by  tlie  solid  particles  included  in  the 
two  quarter-spheres  moc  and  m  o  b,  the  radius  of  the  sphci-o  in 
each  case  being  the  insensible  dislanco  through  which  the  mole- 
cular forces  can  act.  We  can  iiow  decompose  cacJi  of  these  three 
forces  into  a  vertical  and  a  horizontal  component.  Considering 
the  components  which  act  in  the  directions  via  or  mb  positive, 
wo  shall  have  for  the  horizontal  components  (35), 

/  cos  45°,  — /'  cos  45°,  — /"  cos  45° ; 

and  remembering  that  /"  =  /',  wo  shall  also  have  for  the  single 
resnltoiit  of  the  three  horizontal  coni[>onents  (/ —  2/')  cos  45°. 
In  like  maimer,  for  the  vertical  comixmcnta,  including  gravity, 
we  sliall  have,  — 

ff,        /  cos  45°,  — /'  cos  45°,         /"  cos  45°, 

and  for  the  single  vertical  resultant,  g-  +/cos  45°.     Let  us  next 
^Jnc[uire  what  will  be  tlie  direction  of  the  final  resultant  of  the 
HBOrizontal  and  vertical  forces,  whose  values  are 
Pf    (1.)    a- 2/0  «<»«•;        (2.)  ff  +  /co.45.        [121.] 
It  is  evident  that  the  vertical  force  must  always  l)c  positive,  and 
hence  directed  downwards;  but  the  direction  of  the  horizontal 
forco  will  depend  on  the  relative  values  of/  and  /',  that  is,  on  tlio 
relative  strengtii  of  the  cohesive  and  adhesive  attractions.     Thepo 
may  be  three  cases,  according  as  /  is  less  than,  is  greater  than, 
or  is  equal  to  2  /'■     Wo  will  couKider  each  case  scparutoly. 
^_   1st,  Wlicn  /  -C  2  /'.     ]f  tlio  cohesive  foi-ce  is  less  limn  twice 
^Hne  adhesive  force,  then  tlie  horizontal  forco  [121.  1]  is  negative, 
^Bnd  tlie  resultant  of  this  force  with  the  vertical  forco  [121.  2]  will 
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fall  within  the  augle  b  m  o,  and  take,  for  example,  Llie  dircotiOD 
MR  C^ig-  313).  Now,  since  the  surface  of  a  liquid  must  at 
every  point  bo  normal  to  the  resultant  ofsU 
the  forces  acting  at  that  point  (129),  it  fol- 
lows that  the  liiiuid  surface  will  be  drawn 
up  towards  the  solid  bar,  fo  as  to  bo  per- 
pendicular to  the  line  MR,  and  tangent  (e 
tlic  line  M  N,  making  with  the  bar  an  angl« 
D  M  N,  which  is  constant  for  the  same  sab- 
stances,  and  is  called  the  angle  of  contact. 
If  nest  we  consider  the  liquid  particles  M'  M",  &c.  adjacent 
to  M  on  the  surface  of  the  liquid,  it  is  evident  that  on  account 
of  their  greater  distance  they  will  be  acted  upon  less  strongly 
by  the  solid  bar,  and  hence  the  resultants  jW  R\  M'R'\  in. 
will  approach  moi-e  and  more  nearly  tiie  vertical,  with  which 
they  will  soon  coincide.  Thus  it  appears  that  the  liquid  surlaco, 
which  must  be  at  each  point  perpendicular  to  these  results 
will  be  curved  up  towards  the  bar,  but  will  become  horixoilt| 
a  certain  small  distance  from  it.  It  is  easy  to  see  tliat,  if  i 
ond  bar  is  dipped  into  the  liquid  parallel  to  the  hrst,  the  s 
of  the  liquid  between  the  bars  will  take  the  form  of  a  coitei 
cylindrical  surface,  in  case  the  bars  are  sufficiently  near  together, 
and  that  iu  a  tube  it  would  take  the  form  of  a  concave  racui^cus, 
formed  by  the  rcTolution  of  the  curve  MM'  M"  round  tlie  axa 
of  the  tube. 

2d.   Wlien/>2/'.     If  the  cohesive  force  is  greater  \ 
twice  the  adhesive  force,  then  the  horizontal  force  [121. 
positive,  and  consequently  directed  towards  the  liquid. 

the  resultant  of  this  forco  and  tliol 
tical  force  [121.  2]  will  fall  within  \ 
angle  amb  (Fig.  312).  taking,  for  ex- 
aniplo,  the  direction  M  R  (Fig.  3U), 
and  the  surface  of  the  liquid  will  be  per- 
pendicular to  this  resultant,  making  with 
the  solid  bar  an  angle  D  M  N  less  | 
"*  ^'*  90°.    Moreover,  for  tlie  particles  jif',] 

kc.  adjacent  to  M  on  the  surface  of  the  liquid,  it  can  be  p 
that  the  resultants  of  the  molecular  forces  and  gravity  v 
proach  the  vertical  nearer  and  nearer  the  farther  we  rocede  \ 
tlio  bar,  and  will  soon  coincide  with  it.    Heucc  it  foUowsfl 
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'  liquid  surface  will,  in  this  case,  be  conrpx,  taking  the  form 
r  a  convex  cyliudor  between  two  parallel  bars,  and  of  a  convex 
iBliisciis  ill  a  fino  tube. 

1 8d.  When  f  =%  f.     Wlien  tlic  coliesiye  force  exactly  cqimls 
oUieadliosivo  force,  then  the  horizontal  force  [121.1  J  becomes 
*M«,  and  llio  i-osnltant  of  all  the  molooiilar  forces  and  gravity, 
•filing  on   the  particle  m,  coincides  with  the  vertical.     In  this 
B  alone  the  siirface  of  the  liqnid  is  horizontal,  even  to  the  lino 
X  euntnct  willi  the  solid  bar,  and  consequently,  likewise,  hori- 
Otal  bctwcteti  two  bars,  or  iu  the  interior  of  a  tube. 
p(185.)    Form  of  the  Meniscus.  —  It  is  evident  from  the  lost 
Ition,  that  the  exact  form  of  the  meniscus,  and  the  angle  of 
Intact, depend  upon  the  relative  values  of/and  2/'  [121], and 
H  upon  the  nature  of  the  solids  and  liquids  used.     The  con- 
ditions are  changed,  however,  when,  as  is  usual  iu  snch  cxpeii- 
mcnti'.  the  solid  bar  or  tube  has  l>ccii  previously  rinsed  with  the 
^^^uid.     In  such  cases  the  action  takes  place  l>etwcen  the  parti- 
^fws  of  the  thin  film  of  liquid  covering  the  solid,  and  those  of  the 
^^■me  liquid  into  which  it  is  dipped,  the  solid  itself  serving  only 
^VbMii>uun  the  liquid  film,  and  it  is  then  found  that  the  result  is 
entirely  independent  of  the  nature  of  the  solid.     Moreover,  when 
the  solid  has  not  been  previously  moistened,  the  phenomena  aro 
^^endercd  very  irregular  by  the  fihn  of  air  which  covers  the  sur- 
^^■De  of  llie  bar  or  tube,  and  which  it  is  almost  impossible  to 
^^PBtore  without  moistening  the  whole  surface.     So  also,  when  the 
^^i^oid  has  not  the  power  of  wetting  tlie  solid  surface,  as  in  the 
case  of  mervur)'  and  glass,  there  may  be  a  dim  of  air  between 
tlw  two  ofsutRcient  thickness  to  keep  the  liquid  particles  1>cyond 
)  »p)icrQ  of  action  of  the  adhesive  force.     In  such  cases  the 
I  of  tlie  liquid  surface  will  bo  dotonuincd  by  the  action  of 
stnve  force  alone,  and  this  action  will  be  entirely  similar 
Btfaal  which  gives  to  the  rain-drop  its  spherical  form  (129). 

!  it  liaa  been  observed  that  the  surface  of  a  liquid  iu  a 

i  19  concave  when  it  wets  tlie  walU  of  the  tube,  and  convex 

I  it  has  not  the  power  of  thus  wetting  them,  it  follows  from 

t  section  that  a  liquid  will  wet  a  solid  surface  when  the 

e  of  cohesion  between  its  particles  is  less  than  twice  the  force 

Fadhosion  of  these  particles  to  ihc  solid. 

((186.)    Pressure  exerted  by  the  Molecular  Forces.  —  Having 
1  Iww  the  molocutar  forces  may  modify  tlio  form  of  a  liquid 
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Burface,  and  produce  either  a  concave  or  a  cootox  monUciis, let 
ns  fiirlher  iiiqiiire  how  the  form  of  tUo  surface  may  inodifj  the 
law  of  liquid  pressure  already  cmiiiciatcd  (126).  In  discuxnn; 
the  subject  of  liquid  pressure,  caused  by  the  force  of  gravilj 
(123  seq.'),  we  left  out  of  view  auy  action  wliich  might  ho 
exerted  by  the  molecular  forces  cmanatuig  from  tbo  liquid 
particles  themselves.  This  Icadni  ns  into  no  error,  so  luu;;  u  llis 
surface  of  the  liquid  is  horizontal ;  but  when,  as  in  capillary 
tubes,  this  surface  is  curved,  Lho  action  of  the  molecular  foms 
can  no  longer  be  disre,^arded.  In  order  to  inveatigato  the  man- 
ner m  which  the  molecular  forces  may  inllnence  the  prcwure 
exerted  by  a  liquid  msM, 

^^^^f^^Kd^^^^^H     rurfacc, 
^^^^^^^^Hj^^^^^^^^^^H  us  the  actiou 

^^^^^^^^^^^^^^^^^^^^^^1  any 

fif_  gi£.  or  near  this  surface.    If 

this  moleculo  is  on  tit 
surface,  as  M,  it  will  evidently  Ix;  attracted  by  all  the  particles 
of  liquid  comprised  within  the  hemisphere  described  ronnd  the 
point  M,  with  a  radius  equal  to  the  distance  of  sensible  tUlnU' 
lion,  and  it  is  easy  to  see  that  tbo  rastdtant  of  all  tlicse  attraclin 
forces  will  be  ui  the  direction  MP,  normal  to  the  surface.  If 
the  molecule  is  within  the  surface^  as  at  M',  then  the  acliro  pn> 
tion  of  the  liquid  will  be  the  mass  enclosed  by  the  sphere  of  tti^ 
sible  attraction,  ABC.  This  may  bo  divided  into  tlireo  pari* 
by  an  equatorial  plane,  P  Q,  and  hy  a  surface,  A'  B',  firnunetrtcol 
with  A  B,  and  equidistant  from  the  equator.  Tbo  nttrnctiou  ex- 
erted by  the  portion  ^  S  P  Q  is  evidently  balanced  by  ibc  wjual 
and  opposite  attraction  exerted  by  ^4'  ff  P  Q,  so  tliat  Ilio  result  ii 
the  same  as  if  the  molocnic  were  only  attracted  by  tlio  portiou 
A  B  C.  The  resultant  of  all  tlie  attraclivo  forces  exerted  by 
the  particles  contained  in  this  portion  of  the  sphere  is  evident^ 
much  less  than  before,  but  still  it  is  normal  to  the  surface.  Yv 
jially,  if  we  take  a  molecule,  M",  at  a  distance  from  the  twrfeet 
equal  to  the  radius  of  sensible  attraction,  it  is  evident  that  tha 
attractive  forces  acting  upon  it  will  balance  each  other.  If  Uim 
we  draw  a  surface,  X'  Y',  pnnillel  to  XY,  and  at  a  distance  fnta 
it  eqtiol  to  the  radius  of  sensible  attraction,  we  »hal1  ImTO  ooiftv 
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ctween  these  two  s«rfat.-«B  a  liquid  film  wIioeo  particles 
or  tlie  iiiflueiice  of  t'oi-ccB  acting  iierpeiidiculurl/  to  tlie 
I,  aud  Gxcrtiiig  an  effect  similar  to  that  of  gravity.  There 
ion  result  from  Lliu  action  of  these  molecular  forces  a 
I,  which  will  bo  transmitted  iti  all  directions,  according  to 
cipie  of  (1-0),  and  whose  effect  must  be  added  to  those 
ly  and  atmosphei-ic  pressure. 

)  Amouitl  ami  Effect  of  the  Molecular  Pressure. — 
how  inquire  wbctficr  the  form  of  tlio  surface  exerts  any 
le  on  the  amount  of  the  molecular  pressure.  For  this 
.  let  U9  take  a  motocuie,  M'  (Fig.  SIB),  at  a  distance 
ie  surface,  M'  H,  less  than  M'  C, 
jus  of  sensible  attraction,  and  con- 
bat  will  ho  the  rclalivo  amount 
cular  jircsBuro  exerted  ty  this 
c,  —  1st,  when  tho  surface  is 
Sdly,  when  it  is  concave;  and 
beu  it  is  convex. 
I  Eurfac«  is  ]ilano,  as  A  B,  Iho 
m  cscrtcd  by  tho  liquid  mass 
I  is  halajiced  by  that  of  A'  B'  PQ, 
\  only  force  which  produces  pros- 
Uio  attraction  exerted  by  A'B'C. 
r  tliis  force  by  A, 
W  llio  surface  is  concave,  as  D  ZT,  it  is  evident  that  the 
nion  of  tlic  liquid  within  the  sphere  of  sensible  attraction, 
lUroctivc  force  is  not  neutralized,  is  the  portion  D" EC, 
by  aeurfaee  J)"^,  drawn  symmetrically  to  DE.  Hinco 
lid  mass  is  less  than  A'  B' C,  tho  attractive  force  wliich 
(  must  bo  less  by  an  amount  wo  will  call  7i,  and  it  is  evi- 
|t  the  value  of  B  will  increase  as  the  radius  of  curvutiirt} 
nuiace  diminishes.  Tho  value  of  the  force  which  is  cs- 
,  molecular  pressure  may  then  bo  rcprcBcutcd  by  A  —  if, 
e  surface  is  concave. 

rtlf,  tho  surface  is  convex,  as  KL,  and  we  draw  K'  L' 
■icol  with  this,  it  is  equally  evident  that  tho  active  jior- 
Iio  ru)uid  is  now  K'  L'  C;  and  since  this  mass  is  greater 
B"  C,  tho  vnhio  of  tho  molecular  pressure  may  bg  repre- 
ff  A-^-  B',  when  the  enrfacc  is  convex, 
wliat  has  been  shown  to  be  true  of  tlie  }iressui-c  exerted 
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by  the  inolocule  M'  is  true  of  all  the  molecules  contauiod  id  tlie 
Ihhi  film  bounded  by  the  siirfaccB  X  T,  aud  X'Y'  (Fig.  315),  it 
follows  that,  when  the  surface  of  a  column  of  liquid  iscoiicsTc, 
it  exerts  a  Il'SS  pressure,  aud  conversely,  when  tlie  surfaco  ii 
convex,  it  exerts  a  greater  pressure  than  wlien  it  is  plane,  n*- 
suming  always  that  the  radius  of  curvature  of  the  sur&ce  ii 
comparable  with  tlio  radius  of  scusible  attraction. 

(188.)     Effects  of  Molecular  Pressure.  —  It  is  now  easy  lo 

see  in  what  way  tlio  molecular  pressure  may  modify  the  priif 

ciplo  of  (130),  when  one  of  the  vessels  is  very  siuall.     Let  ^a 

suppose,  then,  that  wc  have  a  liue  tiib«  of 

glass,  dipping  into  a  liquid  (Fig.  317).    lly 

the   principles   of  hydrostatics,   tlio  level  d 

the  liquid  should   be  the   same  within  ud 

without  the  tube,  because  it  is  a  iiocesuy 

condition  of  equilibrium  timt  the  prcssurooo 

any  given   section,  as  Jl/iV,  should   be  ll» 

same,  whether  exerted  by  the  column  of  liquid 

in  the  tube,  or  by  the  liquid  mass  outside,  tad 

tliia  cau  only  bo  wbeu 

S  .  II.  aSp.Gr.-)  =  S.ir.  (Sp.Gr.^  [IM.] 

or  when  11^  H'  (comparo  130),  This  equation,  however,  only 
has  regard  to  the  pressure  exerted  by  liquids  in  consequence  of 
their  wciglit,  although,  as  we  have  just  said,  the  molecidar  furcoi 
exert  a  pressure  themselves  whose  cfl'ect  must  bo  added  lo  that 
of  gravity.  As  tlio  surface  of  Ihe  liquid  outeide  the  tube  is  hori- 
zontal, the  molecular  pressure  transmitted  by  it  to  the  soclioii 
M  N  may  be  represented  by  A,  and  the  whole  pressure  on  tb* 
section  will  bo  S  .  if.  (^Sp.Gr.')  +  A.  If,  however,  the  liquid 
wets  the  tube,  the  interior  surface  will  be  concave,  and  the  piw 
siiro  transmitted  from  tlio  interior  of  the  tube  to  tlic  section  wtt  i 
he  S.  II'  .  (S/i.Gr.)  +  (/l  — J3).  Evidently  there  can  odj 
an  equilibrium  when 


S .  n .  ( %.  Gr.)  +  .-I  =  S . //' .  ( -VGr.)  4- (4  —  B), 
or 

W  =  //+  A; 

that  is  to  say,  when  the  lovcl  in   the  lube  is  nl>0Te  the  le** 
outside.    Tlie  difTereoce  of  level,  A,  measures  tlid  dlflcreuco  d 
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pressure,  B,  caused  by  the  concavity  of  the 
svirface. 

If  tlio  liquid  docs  not  wot  tlic  tube  (Fig. 
318),  then  the  interior  surface  will  bo  con- 
ges, and  the  pressure  transmitted  from  the 
interior  of  the  tube  to  tho  section  will  bo 
S.  II'  .  (^Sp.Gr.)  +  (^  +  B).  Wo  shall 
MJcii  have  equilibrium  when 


Or 

ir  =  II~h';  [124.] 

l^iatis  to  Bay,  when  the  level  in  the  tube  is  below  tho  level  out- 
side; and  here,  as  before,  the  dlllurence  of  level  measures  tho 
'lifferenco  of  pressure,  which  is  caused  in  this  case  liy  the  cou- 
Vuxily  of  the  surfaco. 

Between  theso  two  conditions  there  is  a  third,  in  which  tlie 
liquid  surface  is  level  within  the  tube.  In  this  case  it  is  evident 
that  the  molecular  pressures  will  balance  each  other,  and  there 
can  be  equilibrium  only  when  H'  =>  H,  or  when  the  level  is  the 
Esroe  within  and  without  the  tulie. 

These  results,  which  wo  have  now  deduced  Ihcorctieally,  are 
fully  confirmed  by  observation  ;  for  wo  find,  as  has  already  f>eeu 
stated  (184),  that  a  concave  meniscus  is  always  accompanied  by 
an  elevation  of  tlie  liquid  column  in  a  capillary  tube,  and  a  con- 
vex meniscus  by  a  corresponding  depression.  Tho  phenomena 
of  capillarity  may  bo  illustrated  not  only 
by  means  of  a  simple  tube,  as  represented 
in  Pigs.  310  and  311,  but  also  by  a  siphon 
tul>e,  one  of  whoso  branches  is  very  small, 
while  tlic  other  is  at  least  20  millimetres 
in  diameter  (Pigs.  319  and  320).  The 
depression  or  elevation  of  the  liquid  in 
tlie  smaller  tube  becomes  then  very  evi- 
dent, and  can  easily  be  measured.  A 
nmnbcr  of  theso  tubes  may  be  mounted 
together  for  comparison,  as  represented 
in  Fig.  321. 
Tiiese  phenomena  are  entirely  independent  of  the  prcBsure 
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to  which  tlio  appftratiu  b  «x- 
posod.  Thoy  are  iho  auac  ui 
compressed  nJr  as  in  a  rucuum, 
and  aro  not  iiiflueiu'^d  liy  llu 
tliickiieBs  of  tlio  wuUs  fif  tlw 
tube.  Tlicy  vary,  on  tlio  olV 
er  hand,  vitli  tlio  niutvrial  U 
tlio  tnbo,  and  witli  (lio  tiattuc 
of  tlio  liquid.  Wlicn,  liw- 
cvcr,  tlic  tulw  has  iircTionilr 
bcL-ii  vet  with  tlio  liquid,  tlw 
phenomena  arc  aho  outittjf 
independent  of  ihc  matvrul 
uf  wliich  it  is  fornicd,  aiid  it 
any  given  temperature  tuj 
only  with  the  nature  of  Iha 
liquid  and  the  diameler  of 
the  tube. 

If  wo  take  tn1>es  of  Ibo  am 
diameter,  and   dip  tlieir  en^ 
"***"  in  different  liquids,  capabloof 

moistening  the  walls,  wo  find  that  tho  heights  to  which  Uie  liqmd 
columns  aro  elevated  differ  very  greatly.  If  tlio  tube  is  1^  m.  m. 
in  diamotcr,  the  height  is  23.1  m.  m.  for  water,  9.8  m.  m.  for  a) 
of  turpeuUim,  7.07  m.  m.  for  alcohol,  and  still  less  for  ether.  It 
is  csBOutial  in  the&o  cxjicrimeuts  that  tho  tubes  should  l>c  pre- 
Tiously  cleaned,  and  carofnlly  rinsed  out  with  tho  liqtiid  lo  1* 
used.  Olherwiso  the  phenomena  are  also  influenced  by  tlto  rt* 
terial  of  tho  tut>e,  and  aro  rendered  very  irregular  by  Uio  filaiuf 
mr  adhering  to  tho  suHacc.  This  is  especially  truo  when  ll« 
liquid  has  not  tho  power  of  wetting  tho  surface,  and  the  ordurof 
the  phenomena  is  reversed.  Tho  amount  of  dcprossiou  in  inch 
cues  not  only  varies  with  tho  natiue  of  thu  tul>o  and  at  tlM 
liquid,  hut,  moreover,  it  is  not  the  btano  for  the  same  tube  And 
liquid  under  diHorent  circumstances.  For  example,  in  tlic  csm 
of  mercury  aud  glass,  the  form  of  (he  meniscus,  and  tlio  dcpn^- 
Eioa  of  tho  mercury  column,  which  depeudii  upuu  tins  form,  Turt' 
so  greatly  with  tho  impurity  of  the  metal,  tho  presence  of  lhi>  wIt 
and  tho  nature  of  the  glass,  that  it  is  not  possihlo  to  calculate  tlH) 
amount  from  any  general  lueasuromouts,  but  it  is  necossair  to  do- 
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•'^nnine  it  by  experiment  for  each  particular  instrumotit.  Thus, 
"»  llie  same  tube  tbo  mcrcTiry  coltimn  will  be  more  depressed  in 
*  Tacuiuu  tbaji  in  tUo  air,  especially  wben  the  air  is  moist.  So, 
^so,  mercury  which  lias  been  boiled  iu  tbe  air  forma  a  less  con- 
vex meniscus  than  mercury  which  has  been  boiled  in  an  atmos- 
pliereof  hydrogen  or  carbonic  acid.  And  lastly,  a  small  amount 
or  oside  dissolved  in  the  mercury  may  even  invert  the  order  of 
tlic  phenoDicna,  causing  it  to  assume  a  plane,  or  oven  a  slightly 
Concave  surface. 

Ill  determining  the  amount  of  pressure  from  the  height  of 
a  mercury  column  in  a  barometer  tube,  or  in  other  forms  of 
tubo-apparatus  used  in  experiments  on  ga,ses,  it  is  important 
1o  correct  the  observations  for  tlio  capillary  depression  ;  but 
since,  from  the  causes  Just  stated,  the  amoimt  is  uncertain,  it  is 
best  cither  to  URe  tulics  so  large  tliat  it  is  rendered  insensible, 
or  else  so  to  arrange  tlio  apparatus  that  the  effect  of  capillarity  in 
one  arm  of  a  siphon  is  balanced  by  an  equal  effect  in  the  other. 
In  the  barometers  of  Regnault  and  Fortin  the  amount  of  depres- 
BioD  is  a  constant  quantity,  and  is  detcnnincd  once  for  each  instru- 
ment (159  and  ll50)  ;  but  even  in  a  well-made  barometer  the 
surface  of  the  mercury  is  liable  to  changes,  which  alter  the  form 
of  tho  meniscus,  and  consequently  cause  a  variation  in  the 
amount  of  depression.  The  convexity  of  the  meniscus  can  gen- 
erally be  restored  by  tapping  on  the  glass ;  but  when  the  surface 
of  the  mercury  is  badly  soiled,  it  is  necessary  to  refill  the  tube. 

(189.)    Numerical  Lav!s.  —  Although  tiic  theory  of  capillarity, 
as  thus  far  develoiK-d,  explains  and  predicts  the  general  order 
of  the  phenomena,  it  docs  not  yet  enable  us  to  calculate  the 
amount  of  the  elevation  and  depression  in  different 
tubes.     Tliis,  as  wo  have  seen,  varies  with  the  na- 
luro  of  the  liquid,  and,  when  the  walls  of  the  tube 
liave  not  been  previously  moistened  with  tho  liquid, 
also  with  tho  nature  of  the  tube.     But  assuming 
that  all  other   conditions   are  equal,  let   us   in- 
vestigate the  relation  between  the  capillary  effect 
and  tbo  size  of  tbe  tube. 

For  tins  purpose  let  us  take  the  simple  case 
of  a  capillary  tube  (Fig.  322)  dipping  in 
of  liquid  which  is  capable  of  wetting  its  surface,     ^^^^^ 
and  which  consequently  rises  in  ita  bore  to  a    ^^^^^ 


I 
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mean  height  A  B.  In  the  first  place,  it  is  evident  that  the 
mass  of  the  tube  just  above  this  level  must  attract  the  liqiiid 
molecules  below,  and  that  there  will  thus  result  a  vertical  foioe, 
which  will  tend  to  raise  the  liquid  column.  Since  tliis  foroe  is 
proportional  to  the  number  of  solid  particles  within  the  sphen 
of  attraction,  and  hence  to  the  perimeter  of  the  tube,  we  nuj 
represent  it  by  the  expression  pa,  in  which  a  is  a  constant 
quantity  depending  on  the  nature  of  the  tube  and  the  liquid,  ind 
p  the  perimeter  of  the  tube.  If  now,  in  the  second  place,  we  con* 
sider  tlie  portion  of  the  tube  between  A  B  and  CJD,  it  is  equallj 
evident  that  the  attractive  forces  exerted  by  the  solid  particles 
will  balance  each  other,  and  can  therefore  produce  no  effect  either 
in  elevating  or  depressing  the  column.  Finally,  the  molecules  of 
the  tube  placed  just  above  C  D  will  attract  the  particles  situated 
just  below  in  the  prolongation  of  the  liquid  column,  and  will  evi- 
dontly  exert  a  force  tending  to  raise  this  column,  which  equals,  is 
before,  pa^  and  which  added  to  the  first  gives  us  2  j9  a  as  the 
whole  value  of  the  upward  pressure. 

But  we  have  thus  far  left  out  of  view  the  liquid  mass  belov 
the  end  of  the  tube.  If  we  conceive  of  the  solid  tube  as  pro- 
longed by  a  tube  of  liquid,  C  D  M  N^  it  is  evident  that  the 
liquid  particles  forming  the  walls  of  this  tube  will  attract  those 
of  the  liquid  column  just  above  C  D^  and  will  thus  exert  a  force 
tending  to  depress  it.  Representing  by  a'  a  constant  depending 
on  the  nature  of  the  liquid,  we  shall  have  for  this  downward 
force  the  value  p  a',  and  for  the  whole  vertical  force  the  value 
p  (2  a  —  a'),  a  force  which  will  raise  or  depress  the  column 
according  as  (2  a  —  a')  is  positive  or  negative.  This  force  must 
evidently  be  equal  to  the  weight  of  the  column  of  liquid  which 
it  elevates  or  depresses;  and  since  this  weight  may  be  found 
by  multiplying  together  the  area  of  tlie  section  of  the  tube,  i,  the 
height  of  the  column.  A,  and  the  specific  gravity  of  the  liquid, 
Sp.  Gr.y  we  obtain 

p  (2  a  —  a'^  =  s  .  A  .  (Sp.  Gh-S), 
or 

h=Pj;-/-^±Pa",  [125.] 

in  which  last  a"  =  -^  -^^— ,  and  is  constant  so  long  as  the  liquid 
and  substance  of  the  tube  are  the  same. 
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f  th«  lube  is  cylindrical,  "  =  — -^   =  „  and  h  = 


f  anotbcr  tube  of  the  s 


I  material,  but  dilTcreut  diameter, 


±  A:  ±  A'  =  J>:  A 


[126.] 


1  TTords,  TVie  elevations  or  depressions  of  a  piven  liquid  in 
Heat  lubes  of  the  same  tnaleriat,  but  of  different  diameters, 

atversflif  proportional  to  the  diameters  of  the  lubes. 
X  tliQ  tube  has  a  rectangular  sectioa,  tho  perimeter  is  equal 
I  (m  -\-  n),  ttie  IcugtliB  m  and  »  being  tliose  of  the  sides  of 

uigle,  and  we  have  "s=  — "^^ — -.  "When  the  length 
Ic  is  infinite,  we  have  also  »  ^  oo  ,  £  ^  —  ,  and 
-  a",  from  which  wo  can  deduce 


±  A  :  ±  A' : 


[12-.] 


I  case  supposed  is  evidently  that  of  two  plates  parallel  to  each 
and  Eeparaled  by  a  distance  m.  Hence  the  elevation 
an  of  a  given  liquid  between  two  parallel  plates  is 
y-teltf  proportional  to  their  distance  apart. 
\  lastly,  we  compare  Ibe  cfTect  produced  by  a  cylindrical  tube 
■  A  =  :t  ^  a",  and  that  by  parallel  plates  when  A'  ^  ±  —  a", 
ibtatu  Uic  proportion 


A  :  h' : 


[128.] 


Irtuch  we  find,  that  when  m  =  D,  then  A  =  2  A',  or  in 
,  The  variation  of  level  caused  by  two  plates  is  one  half 
t  caused  by  a  tube  of  the  same  nature,  whose  diameter  it 
I  to  the  distance  between  the  plates. 

),)     Verification  of  the  Laws.     First  Law.  —  It  follows 

I  [126],  that,  if  the  first  of  the  throe  numerical  laws,  which 

I  tltns  been  deduced  theoretically,  is  correct,  the  product  of 

tacraUon  or  depression  of  the  liquid  column  into  the  diam- 

KpT  U>e  tube  roust  be  always  a  constant  quantify  for  the  same 

That  tliis  is  approximatively,  at  least,  the  case,  is  shown 

I  following  table,  taken  from  Jamin's  Court  de  Physique, 
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to  which  we  are  indebted  also  for  the  general  method  Mowed 
in  the  discussion  of  this  subject. 

SimoMter  D.            IltfBtlon  A.  rndMl  Dk 

1.29                2S.r6  29.87 

.90                15.58  29.G0 

1.29                  9.18  11.84 

.90                  6.08  IIJ^ 

Parallel  Plates  and  Water,    .       1.069               13.57  1452 


■I. 
Water,       P*; 

Alcohol, J    "J 


Tliis  law  is  not,  however,  exact,  when  the  diameter  of  the 
tube  is  so  large  that  we  can  no  longer  neglect  the  cunratare 
of  the  surface  which  terminates  the  liquid  colunm  (we  assume 
always  that  the  height  of  the  column  is  measured  to  the  loveit 
point  of  the  concavitj,  or  to  the  highest  point  of  the  con- 
Texity).  When  the  diameter  of  the  tube  is  not  greater  than 
one  or  two  millimetres,  the  surface  is  approximatively  hemi- 
spherical, and  we  can  then  easily  estimate  the  amount  of  devi- 
ation. If,  as  above,  we  represent  by  h  and  h'  the  heights  of 
two  columns  of  the  same  liquid  in  tubes  of  different  diameters, 
measured  to  the  lowest  point,  n,  of  a  concave  meniscus,  it  is  evi- 
dent that,  in  order  to  obtain  exactly  the  weight  of  these  liquid 
columns,  we  must  add  to  the  weights  of  the  liquid  cylinders 
s  .  h  .  (^Sp.Gr.^  and  s* .  h' ,  (^Sp.Gr,)  the  weight  of  liquid  aboTS 
the  point  n.  The  volume  of  this  liquid  is  evidently  equal  to 
the  difference  of  volume  between  a  hemisphere  and  a  cylin- 
der of  the  same  diameter  and  of  a  height  equal  to  the  radius 
of  the  hemisphere.  Using  the  notation  of  the  last  section,  ire 
find  for  this  volume  the  value  i  D*  n  —  iV2>*7r  =  2^D*ir, 
and   for  the   total  weights  of  the  liquid   columns  the  values 

^ly  n(h+^  aSp.GrOy^nd  i  2>»7r  (a'+ ~)  (S7i.Gr.),and 

by  the  same  course  of  reasoning  as  before  [125],  we  deduce 

=fc  (a  +^)  :  d:  (a'+^)  =  1>:  D.  [129.] 

The  double  sign  db  is  used,  because,  as  can  easily  be  proved,  the 
proportion  is  equally  true  when  the  meniscus  is  convex.  Hence 
it  follows,  that,  when  the  tubes  are  not  more  than  one  or  two  mil- 
limetres in  diameter,  the  law  of  inverse  proportions  is  correct, 
when  we  add  to  the  observed  heights  one  sixth  of  the  diameter 
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)  tube,  the  correction  required  for  the  meniscus ;  and  obser- 
1  confirms  this  result  of  tlieoi'y. 
Vlieii  the  lubes  are  very  Email,  ami  the  elevations  or  dcprcs- 
noits  oorresjiondingly  large,  we  can  iieglL'ct  tlie  verjr  small  value 
^(tttifl  n^rd  the  lavas  accurate  without  this  correction.  When, 
however,  tlie  tubes  are  extremely  small,  a  new  cause  of  dcvia- 
tioo  trvm  the  law  is  introdnccd.  In  experiments  on  capillarity, 
aa  already  stated,  wo  can  obtain  constant  results  only  when  tlie 
Hurfaces  of  the  tubes  have  been  previously  moistened  with  the 
liquid  to  be  used,  and  tlie  results  are  then  the  same  as  if  the 
"^prruucnt  were  made  with  a  liquid  tube  of  less  diameter, 
■  solid  wall  serving  only  to  support  the  liquid  particles.  If 
'    tube  is  one  or  two  millimetres  in  diameter,  the  thicknosa 

■  i  ilio  liquid  film  may  be  neglected;  but  when  the  tube  is  very 
-iuqII,  litis  thickness  sensibly  difflinishes  its  oQective  size,  and  wq 
J^lIuuld  llicrefore  expect  that  it  would  raise  a  lii^uid  column  to  ft 

«tcr  height  lluui  that  required  by  tlie  law,  ns  we  fitid  to  bo 
Cftse. 

riieu,  on  the  other  hand,  the  tubes  are  more  than  three  milli- 

I  iu  diameter,  the  surface  of  the  liquid  column  differs  go 

Uidcnibly  from  that  of  a  hemisphere,  that  the  proportion  [12dj 

t  longer  holds  true,  and  tlio  deviation  from  the  law  becomes 

wry  large.     Even  in  such  cases,  however,  the  heights  to  which 

liquids  will  rise  can  be  calculated  when  the  precise  form  of  the 

nwuiMtis  is  given ;  but  the  methods  are  too  complicated  for  an 

tsiitary  treatise. 
eoiut  Law.  —  The  second  law  of  (189)  can  be  verified  by  a 
instructive  experiment.  If  we  take 
glass  plates,  united  by  hinges  at  one 
ride,  and,  having  very  slightly  opened  these 
hingf^,  dip  the  ends  of  tlie  plates,  as  repre- 
teiitcd  by  Fig.  323,  in  colored  water,  we 
fmd  that  the  liquid  rises  between  these 
plates  to  a  variablo  height,  depending  on 

■  .■  intj.>r%'al  which  separates  tbem,  its  up- 
:'  stirfaco  taking  the  form  of  a  curve,  nt.asa 

xtiown  iu  geometry  under  the  name  of  an 

Lateral  liy|>erbola.     Let  us  inquire  whether  the  form  of  this 
e  docs  not  furnish  a  confirmation  of  the  law  under  discussion. 
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We  may  eTideutly  regard  the  two  glass  plates  as  conibGog 

of  an  mfijiite   number   of  infiuitcly  narrow  parallel   strips,  as 

shown  by  Fig.  324.     If  tlieii  the  lav  U 

correct,  it  follows  [127]  that  tlie  lieiglJli 

to  which  the  liquid  is  elevatod,  at  uiiy  l«« 

points,  will  be  proportional  to  the  interral 

"*  "^  between  the  plates  at  these  points,  wo  Uial 

at  every  point  we  must  have  h  ^  — .       If  now  we   take  for 

the  axis  of  y  the  vertical  line  of  intersection  of  the  two  ^aiM, 

and  for  the  axis  of  x  the  lino  of  coDtoct 

of  the  water  level  with  one  of  llirui,  m 

eliall  have  (Fig.  32".),  jl/P=A=y, 

A  P  =  x,    and    PQ  =  m=  Ci,  m 

which  C  is  a  constant  quantity  dopond- 

ing  on  tlie  angle  betweeu    the  planM. 

Substituting  thcBO  values  in  A 

wo  obtain        y  =  — —  , 

2  a" 


Fig.  315. 


xy  =  - 


-  =  a  constant, 


which  is  the  equation  of  an  equilateral  hyperbola  refi.«rred  to  ii 
asymptotes  as  co-ordinate  axes.  Since  this  is  the  curve  wlildl 
the  liquid  surface  always  assumes,  it  is  evident  that  tlio  eecOEvl 
law  is  verified  by  ihc  e.\periment. 

TInrd  Lam.  —  When  the  ends  of  two  parallel  glass  platO. 
maintaiocd  at  a  small  distance  from  each  other,  are  dipped  into 
water,  and  the  dilTercnce  of  level  measured,  it  has  been  found  tint 
the  product  of  the  distance  between  the  plates  by  the  elevatioti 
of  tlie  liquid  is  one  half  of  that  obtained  with  glass  tubes.  Tliis 
fact  is  »ihowu  in  the  table  on  page  S58,  and  verifies  the  third  la*. 

(191.)  Influence  of  Temperature  on  Copillary  P/ifiutmena. — 
The  general  expression  for  the  elevation  or  dcprossio 
liquid  column  in  a  capillary  tube  [125]  may  be  written 

,     .  _    -1       ^"  —  f". 
^  "jO    ■  {Sp.Gr.)' 

and  it  is  evident  that  auy  cause  which  changes  either  tlie  sp0> 
cilic  gravity  of  the  liquid,  or  the  relative  values  of  tlio  vobeitn 
and  adhesive  forces,  will  produce   variations   in   the  val 
Hence  an  increase  of  temperature,  which  diminishes  tins 


fita.—- 
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grarity  by  expanding  the  liquid,  would  of  itself  alone  increase 
lliu  cWvatiun  or  depression  of  tlio  column  ;  but  biiicc  this  increase 
of  tempernlurc  produces  changes  in  tlie  molecular  forces,  and 
hence  alfecte  the  value  of  the  term  2  a  —  a',  we  liud  tliat  the 
'Icvatioii  or  depression,  instead  of  increasing  witli  the  tempera- 
'■  in>,  actually  diminishes.  This  dccreatte  is  not,  however,  simply 
r>^poniunal  to  the  temperature,  but  follows  miteli  more  compli- 
.  .1  led  \avf.  The  following  table  shows  the  height  at  whicli  the  dif- 
ft-roitt  li()uids  enumerated  stand  at  0*  C.  in  a  lube  two  niitlimetres 
iu  diameter,  together  with  the  coefficient  of  correction  for  tempera^ 
turc,  which,  multiplied  by  /,  the  number  of  degrees  above  0°, 
gives  the  amount  iu  millimetres  to  be  deducted  from  the  height 
at  0*,  iu  order  to  find  the  height  of  the  capillary  column  at  the 
temperature  required.  The  last  column  gives  the  limits  of  tem- 
peratuCQ  between  which  the  formulfe  hold  true. 

Sp.  Or.  I  Ltmlu  nf 

UQO.  "  t«l>ip.«IUM. 

WaicT,                    1.0000  15?a32  — O.0286(  0 10   sl 

Elber,                     0.7370     5.400  —0.0254  (  — G  to    36 

Olive  Oil               0.9150     7.461  — 0.0105  (  15  lo  150 

Oilof  Tiiqwntinp,  0.8902     6.700  —0.0167  (  17  lo  187 

Altobol,                  0.8208     C.050  — O.OUC*  —0.000051  (*       0  U.    75 

Solphuric  Add,     1.840       8.4O0  — 0.0153  f  — 0.0OO094  C     12  lo    90 

(1P2.)  Spheroidal  Condition  of  Liquids .— Vr\icn  the  adhe- 
noQ  of  a  liquid  to  a  solid  surface  is  more  thou  twice  as  great  as 
Uie  cohcaon  between  its  particles,  it  spreads  over  the  surface  of 
the  solid  and  wets  it  (18a),  If,  however,  the  force  of  adhesion 
is  Iw*  than  this,  the  liquid  forms  in  drops,  which  roll  round  on 
the  solid  surface  like  drops  of  mercury  on  glass,  or  drops  of  water 
on  oiled  paper.  The  form  of  these  drops  is  determined  by  the 
action  of  tltree  forces  ;  first,  the  cohesion  of  the  particles  of  the 
liquid,  secondly,  tho  adhesion  of  the  liquid  to  the  solid,  and 
Uitlly,  gravity.  When  very  small,  the  drops  are  sensibly  spher- 
ical ;  but  as  Ihey  increase,  the  sphere  becomes  flattened  by  the 
action  of  gravity,  and  they  assume  a  spheroidal  shape.  Hence 
liquids,  under  tliese  circumstances,  are  said  to  be  in  a  spheroidal 
condition.  Since  most  solid  surfaces  are  wot  by  water,  alcohol, 
and  similar  liquids,  the  s^ilieroidal  condition  is  their  exceptional 
rtalo;  but  it  is  familiar  to  us  in  tho  cases  just  mentioned,  and 
ia  •ovcml  others.  As  the  effect  of  heat  is  to  diminifiU  both  the 
■_  31 
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cohesive  and  adhesive  forces,  we  can  easily  conceive  how  it  maj 
80  far  alter  their  relative  values  as  entirely  to  change  the  relar 
tions  of  a  liquid  to  a  solid  surface.  This  result  is  rcadilj  ob- 
tained with  water,  alcohol,  and  similar  liquids,  which,  at  tho 
ordinary  temperature,  wet  metallic  surfaces. 

It  will  hereafter  be  shown,  that  we  cannot  heat  a  liquid  in  the 
open  air  above  its  boiling  point,  and  hence  we  cannot  diminish  the 
cohesive  force,  except  to  a  limited  extent ;  while,  on  the  other  baud, 
we  can  heat  the  metals  to  a  far  higher  temperature,  and  thus  di- 
minish the  adhesion,  until  the  force  becomes  less  than  twice  that 
of  cohesion,  when  the  liquid  will  assume  the  spheroidal  state. 
Thus,  for  example,  if  water  is  dropped  into  a  metallic  vessel  heat- 
ed above  171"*  C,  it  rolls  along  the  surface  of  the  metal  like  me> 
cury  on  glass,  and  remains  in  that  state  until  the  temperature  falls 
to  142"* ;  tlien  it  moistens  the  metallic  surface,  and  evaporates 
rapidly.     Alcohol  acts  in  the  same  way  when  tho  temperature  of 
the  vessel  is  above  134"*,  and  ether  when  it  is  above  CI*.    The 
temperature  of  tho  liquid  itself,  under  these  circumstances,  is 
nearly  constant,  being  always  several  degrees  below  its  boiling 
point:  thus  96.5  is    tho   temperature   of  water,   75.8   that  of 
absolute  alcohol,  34.2  that  of  ether,  and  — 10.5  that  of  liquid 
sulphurous  acid.     Tho   temperature   of  the  liquid   may  there- 
fore be   several  hundred   degrees  below   that  of  the   metallic 
vessel,  as  is  well  illustrated  by  liquid  sulphurous  acid,  which  in 
the  spheroidal  state  retains  a  temperature  10.5  degrees  below 
the   freezing  point  of  water,  even  when  the  metallic  crucible 
containing  it  is  visibly  red-hot.     If  water  is  slowly  dropped 
into  this  singular  liquid  under  these  circumstances,  it  is  at  ouco 
congealed,   thus  exhibiting  the   apparent  paradox   of  freezing 
water  in  a  red-hot  crucible. 

One  of  the  most  instructive  illustrations  of  the  spheroidal  con- 
dition of  water  is  the  rude  method  used  in  laundries  for  testing 
the  degree  of  heat  of  a  flat-iron.  If  a  drop  of  water  let  fall  upon 
it  does  not  boil,  but  runs  along  the  surface  of  the  metal,  the  iron 
is  considered  sufficiently  hot ;  but  if  the  drop  adheres,  and  rapidly 
boils  away,  the  temperature  is  known  to  be  too  low.  We  shall 
have  occasion  to  return  to  this  subject  in  the  chapter  on  Heat. 

(193.)  Examples  and  Illustrations  of  Capillarity.  —  One 
of  the  most  familiar  examples  of  capillary  action  is  seen  in 
the  wicks  of  lamps  and  candles.    These  consist  of  very  fine 


THE  THBEE  STATES  OF  MATTER. 


[etaUe  tubes,  through  which  the  oil  or  melted  combuEtible  is 
vtod  Id  tlio  iluine,  aiid  supplied  oa  (ant  as  it  ia  burnt.  This 
t  prUiciple  also  iufluuuces  the  circulation  of  thu  llijuid  Juices 
i  porous  tissues  of  organized  beings,  and  it  is  the  principal 
ms  hy  whicli  water,  with  the  substances  it  holds  in  Eolutiou,  is 
plied  to  tlie  growing  plaut.  It  is  the  capillary  action,  witich, 
;  tlio  droughts  of  summer,  draws  up  to  the  surface  of  tlie 

^  the  water  neccE!>arj  for  vegctatiou,  which  had  penetrated  into 

it  during  the  heavy  rains  of  spring.     When  the  water  holds  salts 

Ux  eolutioD,  these  are  deposited  as  it  subscijuently  evaporates, 

fcnning  those  incrustations  wliich  are  frequently  seen  on  the 

c  vails  of  old  houses  and  on  the  surfaces  of  saltpetre  beds. 

"bo  laws  of  capillary  action  furnish  the  explanation  of  many 

ier  rcraarkabio  phenomena.     A  platinum  wiro  will  float  on  the 

!  of  mercury,  although  its  specific  gravity  is  very  much 

pter  than  llmt  of  tho  liquid  metal.     So  al^o  a  very  fnie  metal- 

Evirc,  which  has  been  slightly  greased  by  passing  it  between  tho 

fingers,  can  be  made  to  float  upon  water,  and  the  some  is  true  of 

many  metallic  powders.     This  singular  result  is  e:tp1ained  by 

e  fact,  Uiat  the  floating  body  is  not  wet  by  the  liquid,  and  cou- 

meutly  there  forms  around  it  a  meniscus,  which  displaces  a 

I  Tolume  of  liquid   in  comparison  with  that  of  the  solid; 

.  siiice  the  volume  of  water  tlius  displaced  weiglis  as  much 

I  floating  body,  it  cannot  sink.     There  arc  some  bisects 

eh  walk  on  tlio  surface  of  water,  but  which  would  almost 

irely  sink  in  the  liquid  were  it  not  that  the  capillary  dopres- 

k  formed  by  their  extended  feet  (which  are  kept  fi-om  being 

.  by  a  greasy  coating)  displaces  a  weight  of  water  equal  to 

i  of  tlio  insect. 

194.)  Absorption. — The  power  which  porous  solids,  liko 
,  cloth,  paper,  or  animal  membrane,  po^ii^esa  of  absorbing 
lida,  ia  also  a  phase  of  capillary  action.  These  solid  bodies 
GUod  with  minute  channels,  into  which  the  liquid  is  drawn 
I  great  force,  us  before  explained.  We  may  gain  an  idea  of 
intfttisity  of  this  force  by  reflecting  that  in  a  tube  1  millimclro 
liatDCtor  it  is  measured  by  a  column  of  water  30  m.m.  high, 
I  lienee  In  a  tube  ^j^  millimetre  in  diameter  by  a  column  of 
Br  8  metres  in  height.  Now  since  the  minute  channels  with 
icli  theeo  porous  solids  are  filled  are  as  small  as  this,  or  even 
lUor,  il  is  ovident  that  they  will  absorb  water  with  an  almost 
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irresistible  force  ;  hence  tlio  difficulty  of  pressing  out  the  Ikjiiid 
when  it  has  once  been  imbibed.  In  many  cases  the  absorp- 
tion of  a  liquid  is  attended  with  an  increase  of  rolume,  tiid 
the  intensity  of  the  capillary  force  is  rendered  evident  bj  the 
expansive  power  which  is  thus  exhibited.  A  common  method 
of  splitting  granite  rock  consists  in  drilling  a  number  of  holn 
along  tlio  lino  of  fracture,  and  subsequently  plugging  them  up 
with  dry  wood.  Water  is  then  poured  over  tlie  plugs,  vhidi 
expand  and  split  tlie  stone. 

Tlie  amount  of  liquid  absorbed  by  a  given  solid  varies  with  the 
nature  of  the  liquid  used ;  thus  it  has  been  found  that  100  ports 
by  weiglit  of  the  dried  bladder  of  an  ox  absorbed  in  twenty-four 
hours 

238  parts  of  pure  water, 

133      '^         water  saturated  with  common  salt, 
38      "         alcohol,  84  per  cent. 
17      "         bono  oil. 
It  has  also  been  found,  that,  if  the  bladder  saturated  with  oil  is 
soaked  in  water,  the  oil  is  after  a  while  entirely  replaced  by  water, 
and  by  as  much  water  as  tlie  bladder  is  capable  of  absorbing. 
Tiiese  facts  indicate  not  only  that  porous  solids  exert  an  unequal 
attraction  for  difTerent  liquids,  but  also  that  tlicy  attract  most 
powerfully  those  of  which  they  absorb  the  greatest  volume. 

In  connection  with  these  facts  may  be  mentioned  the  singular 
property  which  many  kinds  of  charcoal  possess,  of  absorbing  coIo^ 
ing-niattcrs  and  other  organic  principles.     Thus,  if  water  colored 
by  litmus  is  shaken  up  with  pulverized  charcoal,  nearly  the  wliolo 
of  the  coloring-matter  will  be  retained  by  the  charcoal,  and,  on 
filtering,  the  liquid  will  run  through  colorless.    A  variety  of  clla^ 
coal  called  bone-black  possesses  this  power  in  a  high  degree,  aod 
is  used  for  removing  the  color  from  the  brown  syrups  in  the  pro- 
cess of  refining  sugar.    The  syrups  are  filtered  through  a  layer  of 
charcoal  twelve  or  thirteen  feet  in  thickness,  contained  in  a  tall 
iron  cylinder,  and  are  thus  obtained  perfectly  colorless.     Coue- 
black  is  prepared  by  calcining  bones  in  close  vessels,  and  docs  not 
contain  more  than  one  tenth  or  one  twelfth  of  its  weiglit  of  cliar^ 
coal ;  the  remainder  consists  of  earthy  matter,  chiefly  phosphate 
of  lime.     Whether  the  peculiar  property  under  consideration  is 
due  to  the  charcoal  alone,  or  whether  it  is  also  shared  hy  the 
earthy  salts,  is  not  known.     Other  animal  substances,  especially 
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bd  Wood,  fumisli  wlion  calcined  a  charcoal,  which,  if  well 

thodf  ia  even  more  efficacious  than  boiie-blnck,  and  the  addi- 

1  of  carbonate  of  potash  to  the  mass  before  calciuing  still 

Ihcr  increases  tlio  decolorizing  power  of  the  charcoal. 

B  al>9orbing  power  of  charcoal  is  not,  however,  confioed  to 

B  colorittg  principles  nlotie.     Many  inorganic  substances  when 

I  Kotutiou,  cs[x«;ially  of  feeble  solubility,  arc  absorbed  in  the 

mo  way.     Professor  Graham  has  shown  that  tliis  is  the  case 

t  tlu!  metallic  oxides  wlicu  dissolved  in  potash  or  ammonia, 

1  witli  arsenious  acid  when  dissolved  in  water.     It  is  also  true 

I  most  organic  extractive  matters.     Thus,  if  porter  is  filtered 

nnglt  lampblack,  it  will  bo  found  to  have  lost  the  greater  part 

r  its  bitterness,  as  well  as  its  color,  and  in  the  prci)ai'ation  of 

^nnic  extracts  much  of  the  active  principle  is  lost,  if,  as  is  not 

frequently  the  case,  the  liquid  ia  digested  with  auimal  chaa- 

|b1  for  the  pur|K>so  of  removing  the  color. 

r(195.)  Solution. —  Wheu.tho  adhesion  of  aliqnid  to  a  solid  is 
~  iiitly  strong  to  overcome  tlie  forco  of  cohesion,  tlic  solid 
llton  into  solution;  that  is,  it  dilfnses  tlirougliout  tlio  moss  of 
liquid,  without  destroying  its  transparency.  Thus  salt  or 
r  dissolves  in  water,  reshis  dissolve  in  alcohol,  futs  dissolve  in 
•,  mid  most  of  the  metals  dissolve  in  mercury.  The  solvent 
fcr  of  a  given  liquid  for  dilTcrcut  solids  varies  almost  indcfi- 
tcly.  Thus  suljihatc  of  baryta  is  almost  insolublo  in  water; 
kl|diate  of  lime  dissolves  in  the  proportion  of  about  one  part  in 
400  pnrts  of  water,  and  sugar  in  one  tliird  of  its  weight  of  water, 
whilo  hydmle  of  potassa  may  bo  dissolved  in  tliis  liquid  to  almost 
any  <-xiont. 

If  we  add  a  solid  body,  in   successive  portions,  to   a  liquid 

capable  of  dij'solring  it,  we  Bnd  that  the  first  jmrtions  disap- 

[iciir  very  rapidly,  but   each   succeeding   jMirtion  dissolves  less 

npidly,  until  at  Ic^ngth  a  point  is  reached  when  the  solid  is  iio 

longi-r  dissolved.    The  liquid  is  then  said  to  be  saturated  with 

I       the  i)artlciilar  solid.     It  would  appear  that  tlie  adhesion  of  the 

^^Bnuil  )ui(l  tlio  power  of  overcoming  the  cohesion  of  the  solid  to 

^^Hlunttcsl  extent,  until  the  two  forces  were  in  a  condition  of 

^^Knitibrium.     A  liquid,  howc%'er,  which  is  saturated  with  one 

I      mlistmiee  may  still  continue  to  dissolve  others. 

The  solvent  power  of  a  given  liquid  for  the  same  solid,  as  a 
^•«n«rol  rule,  varies  very  greatly  witli  tlie  temperature.  Since 
^K  31* 
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heat  tends  to  weaken  the  force  of  cohesion,  we  should  natonllj 
expect  that  it  would  increase  the  solvent  power  of  a  liquid,  and 
we  find  tliat  in  most  cases  it  does.     There  are,  however,  minf 
striking  exceptions  to  this  rule.     Tluis  water  at  the  freenng 
point  dissolves  nearly  twice  as  much  lime  as  it  does  when  boiling; 
and  in  like  manner  sulphate  of  lime,  citrate  of  lime,  sulphate  ot 
lanthanum,  and  several  other  substances,  are  known  to  be  mora 
soluble  in  cold  than  in  hot  water. 

The  increase  of  solubility  with  the  temperature  is  very  unequal 
in  different  cases.  The  solubility  of  common  salt  scarcely  vor 
creases  between  0®  and  100*.  Thus  100  parts  of  water  dissolve 
at  the  ordinary  temperature  36  parts  of  common  salt,  and  at  the 
boiling  point  a  little  over  39  parts.  With  a  few  salts  the  increase 
of  solubility  is  exactly  proportional  to  the  temperature,  and  WBJ 
be  represented  by  tlie  general  formula,  S=  A-^-  Btj  in  which 
A  represents  the  solubility  at  0**,  and  B  the  increase  of  solubility 
for  each  degree  of  temperature.  This  is  the  case  with  tlie  fol- 
lowing three  salts.     One  hundred  parts  of  water  dissolve  at  ^, 

Put*. 

of  Sulphate  of  Potash,  S^    8.3G  +  0.1741  r, 

"  Chloride  of  Potassium,  S  —  29.23  -f  0.2738  /, 

"  Chloride  of  Barium,  S  =  32.C2  -+-  0.2711 1. 

In  most  cases,  however,  the  solubility  increases  more  rapidly  than 
the  temperature.  This  is  the  case  with  common  nitre,  as  maybe 
seen  in  the  following  table,  in  wliich  the  solubilities  both  of  nitre 
and  chloride  of  potassium  are  given  side  by  side  for  every  20*  be- 
tween the  freezing  and  boiling  points  of  water. 

Chloride  of  PotaMium,  I^tre, 

Temoerature    P*'**  ©^  8«H  In      rvig^rmem.  T^^.*.^..       PiiTtii  of  Salt  ta 

jemperaiupe.     joq  of  Water.      *^*°»rmem.  Tempeiatnrt.       iqo  of  Water. 


o 


0  29.23  .._  0  13.32  „«» 

20  34.70  I'll  20  81.70  l^ 

Z  rf'  5.48  C«  "0-3?  69.92 

80  51.14  ..g  80  170.25 

100  5C.C2  •  100 

Since  the  solubility  of  a  salt  is  always  some  function  of  the  ten^s^ 
perature,  it  can  in  every  case  be  expressed  by  tlie  general  formula^ 
into  which  every  algebraic  function  may  be  developed : 
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la  formula,  A  U  tlio  soliibiliry  at  0",  otid  B,  C,  D,  &c.  are 
ic-nl  coefficient  a,  which  caii  l>e  easily  calculalcd  iti  any  gireu 
im  tlio  rt'sulls  of  experiment.  Tims,  for  example,  100 
bf  water  dlsstolvo  at  the  temperature  t  an  amount  of  uitre 
eatcd  by 

=  13.82  -t-  0.5738/  +  0.017168  ('  +  0.0000033977/', 
tiiitrato  of  baryta  on  amount 

^5.00  +  0.17179/  +  0.0017400/'—  O.OOOOO-i^OOSS /'. 
lilacs  of  llic  cociTiciciits  of  tlic  powers  of  /  arc  calctilatod 
Iwtttuting  ill  the  general  equation  [130]  tlic  value  of  A, 
1m  the  values  of  S  and  /,  for  each  temperature  at  wluch 
Nubility  lias  been  determined.  We  sliall  tlms  obtain  as 
separate  e*iiialioiis  as  tliere  arc  .separate  determinations, 
ly  combiiiuig  llicm  together  according  to  tho  wnll-kuown 
ids  of  algebra,  \vc  can  cosily  calculate  tlie  ciwfiicients  re- 
[.  It  is  evident  tliat  we  can  only  ascertain  as  many  co- 
sts as  tlicre  arc  equations,  and  also  tiiat  the  resulting 
U  ia  purely  empirical,  and  can  only  be  trusted  for  tern- 
ires  between  those  at  which  the  experiments  were  made. 
I  solubility  of  a  salt  at  ditferent  temperatures  can  be  also 
IBCd  graphically,  according  to  the  method  of  analytical 
itry,    as    rcjiri'si;iitL'd    in    Fig.    '62l''.      The   hurizuiitol   axis, 


eonvtipoDds  to  the  axis  of  ab-^ssas,  is  divided  into  equal 
wbieli  Jnijiailc  degrees  of  tciTijioraturo,  and  tlic  rertical 
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axis,  which  corresponds  to  the  axis  of  ordinates,  is  also  diiided 
into  equal  parts,  which  indicate  the  number  of  grammes  of  stlt 
soluble  at  the  given  temperatures  in  100  parts  of  water.  In 
order  to  form  the  curve,  we  fix  as  many  points  as  possible  from 
the  experimental  data,  and  then  through  the  points  dius  dete^ 
mined  we  draw  a  line,  which  is  the  curve  required.  We  can  nov, 
by  inspection,  easily  determine  the  solubility  of  the  salt  at  any 
temperature  which  is  within  the  limits  of  our  experiments.  Sup- 
pose, for  example,  we  wish  to  know  the  solubility  of  nitre  at  40*, 
we  follow  up  the  vertical  line  marked  40"*  until  it  crosses  tin 
curve ;  and  then,  opposite  to  the  point  of  intersection,  we  &id  oa 
the  axis  of  ordinates  the  number  64,  indicating  that  at  this  tem- 
perature 64  parts  of  salt  dissolve  in  100  parts  of  water.  Such 
curves  convey  at  a  glance  a  general  idea  of  the  law  which  the 
solubility  of  a  given  salt  follows,  and  also  the  relative  solubility  of 
different  salts  at  any  given  temperature.  Thus  it  will  be  noticed 
that  the  curve  of  common  salt  is  a  straight  line  parallel  to  the 
horizontal  axis,  indicating  that  its  solubility  does  not  vary  with 
the  temperature.  The  curves  of  chloride  of  barium  and  chloride 
of  potassium  are  also  straight  lines,  inclined  at  a  certain  angle 
to  the  horizontal  axis,  showing  that  the  uicrease  of  solubility  is 
directly  proportional  to  the  •  temperature.  The  curve  of  sul- 
phate of  magnesia  is  also  a  straight  line,  but  more  inclined  to 
the  horizontal  than  the  last,  proving  that  the  solubility  of  this 
salt  i]icrcases  proportionally  to  the  temperature,  but  at  a  more 
rapid  ratio  than  that  of  the  last  two.  The  curves  of  nitrate 
of  baryta,  of  chlorate  of  potassa,  and  of  nitrate  of  potassa,  in- 
dicate that  their  solubility  increases  more  rapidly  than  the  tem- 
perature, and  according  to  very  different  laws.  Lastly,  it  will 
be  noticed  that  the  order  of  relative  solubility  of  the  three  salts, 
sulphate  of  potassa,  nitrate  of  baryta,  and  chlorate  of  potassa,  is 
completely  inverted  in  passing  from  35®  to  55®. 

The  relative  solubility  of  chemical  compounds  is  one  of  the 
most  important  circumstances  in  determining  chemical  changes; 
and  it  can  be  easily  seen  how  important  tliese  tables  of  curves 
must  be  to  the  chemist.     Unfortunately,  full  determinations 
of  the  solubility  of  substances  at  different  temperatures  hava 
only  been  made  in  a  few  cases,  and  these  have  been  mostl/' 
limited  to  solubility  in  water. 

From  a  knowledge  of  the  solubility  of  a  solid  in  one  liquid  ^^ 
we  can  draw  no  conclusions  in  regard  to  its  solubility  in  ul^ 
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*^tlier,  and  this  is  also  true  in  regard  to  tlie  law  according  to 
^iiicli  the  solubility  changes  with  the  temperature.  Tliis  gener- 
ftJij  differs  entirely  for  different  liquids,  even  when  the  solid  is 
tie  same,  and  must  therefore  be  determined  separately  for  each. 

In  several  cases  the  sohibility  of  substances  has  been  deter- 
mined both  above  and  below  their  melting  point ;  but  no  sud- 
den change  of  solubility  has  been  noticed  at  tliis  point,  as  might 
liave  been  expected.  Thus  the  melting  points  of  spermaceti, 
paraffiue,  and  of  several  other  Eimilar  solids,  are  below  the  boil- 
ing point  of  alcohol,  so  that  we  can  determine  the  solubility  of 
tlie&e  substances  in  alcohol,  both  above  and  below  their  melting 
points.  In  each  case,  the  solubility  has  been  found  to  increase 
gradually  throughout  the  whole  range  of  temperature,  and  the 
melting  of  the  solid  docs  not  appear  by  itself  alone  to  produce 
any  change. 

(196.)  Determination  of  Solubilities.  —  In  order  to  detei^ 
mine  the  solubility  of  a  substance  at  a  given  temperature,  a 
saturated  solution  is  first  prepared  at  tlie  temperature  required. 
This  may  be  prepared  in  one  of  two  ways.  We  may  either  keep  the 
liquid  in  contact  with  a  large  excess  of  the  solid  for  a  long  time, 
at  the  given  temperature,  until  it  has  dissolved  all  that  it  can,  or 
we  may  prepare  a  saturated  solution  at  a.  slightly  hifrher  temper- 
ature, and,  after  having  cooled  it  to  the  required  tumpcrature, 
keep  it  at  that  point  until  the  excess  of  the  solid  has  been  depos- 
ited. Experiments  have  proved  that  we  obtain  the  same  result 
by  both  mctliods ;  but  in  employing  the  second,  it  is  necessary  to 
take  certain  precautions.  It  has  been  observed,  that  a  liquid, 
when  not  in  contact  with  the  solid  particles  themselves,  will 
retain  in  solution  an  amount  of  the  solid  which  is  greater  than 
it  can  normally  dissolve  at  the  given  temperature.  But  if  a  few 
crystals  of  the  solid  are  dropped  into  it,  the  excess  will  be  at  once 
deposited.  Violent  agitation  favors  the  separation,  but  we  can- 
not in  any  case  be  certain  that  the  excess  has  been  completely 
removed  until  after  several  hours. 

Having  prepared  a  saturated  solution,  by  either  of  these  pro- 
cesses, we  next  transfer  a  quantity  of  it  to  a  tared  flask,  and  care- 
fully determine  its  weight,  which  should  be  about  50  grammes. 
We  then  evaporate  the  liquid  by  placing  the  flask  over  a  sand- 
bath  or  a  small  furnace,  as  represented  in  Fig.  327,  taking  care 
to  keep  the  neck  of  the  flask,  which  should  be  quits  long,  in- 
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dined  at  an  angle  of  about  45^,  in  order  to  prevent  loss  by  girt- 
ing. The  evaporation  is  continued  until  both  the  water  of  cryB- 
tallization  and  that  of  solution  have  been  driven  off,  and  the  nit 
left  in  an  anhydrous  condition.  The  last  traces  of  moistan 
are  best  removed  by  blowing  into  the  flask  a  stream  of  dry  air, 
through  a  glass  tube  attached  to  the  nozzle  of  a  pair  of  bellowB. 
When  the  flask  is  cold,  we  weigh  it,  and  thus  obtain  the  weight 
of  the  anhydrous  salt  which  the  solution  contained,  and  from 
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this  weight  it  is  easy  to  calculate  the  weight  of  salt  dissolved  by 
100  parts  of  water  at  tlie  given  temperature. 

Lot  us  represent  the  weight  of  solution  used  in  our  ex- 
periment by  Tf,  and  the  weight  of  dry  salt  obtained  by  If'. 
W  —  W  is  then  the  weight  of  water  which  dissolves  a  weight 
W  of  the  anhydrous  salt.  The  amount  of  salt  which  100  ptrti 
of  water  will  dissolve  may  then  be  ascertained  bj  the  proportion, 

W—  W  :  W  =  100  :  JC,  from  which  we  get  X  =  100  ^r^- 

If  the  salt  contains  water  of  crystallization,  we  shall  wish  to  <^ 
culate  from  the  weight  of  the  anhydrous  residue  the  weight  of 
crystallized  salt  which  100  parts  of  water  dissolved  at  the  tem- 
perature of  the  experiment.  Let  us  represent  bj  w  the  wei^t 
of  water  of  crystallization  with  which  the  weight  W'  of  anhy- 
drous salt  combines.  W*  -{-  t^  then  evidently  represents  the 
weight  of  crystallized  salt  which  was  dissolved  in  tiie  weight  of 
water  W —  {W'  '\-  w).   Hence  we  get  the  proportion,  as  beforOf 

W—W'  —  wx  Tr'  +  M;  =  100:X,andX=100  .^^1+^, 

the  amount  of  crystallized  salt  which  will  dissolve  at  the  givef^ 
temperature  in  100  parts  of  water. 
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Instcsd  of  evaporating  the  solution,  it  is  frequently  more  con- 

ctiieiil  to  determine  the  weight  of  salt  dissolTcil  b;  precipitating 

na  of  its  couslitucuts,  as  in  the  ordinary  method  of  chemical 

oalysis.      Thus  the  amount  of  Eulphato  of  soda  in  a  solution 

iBj  be  ascertained  by  precipitating  the  sulphuric  acid  aa  sul- 

liMie  ofbarytti,  and  afterwards  collecting  and  weighing  the  pre- 

[■ilate  in  the  usual  way ;  and  the  same  method  may  be  followed 

•h  any  sulphate.    In  like  manner,  the  solubility  of  any  chloride 

■later  may  bo  dctormiiicd  by  precipitating  tho  chlorine  &b 

■ride  of  silver.     In  either  case,  from  the  weight  of  the  pre- 

: :  jte  wa  can  easily  calculato,  by  the  rules  of  stochiometry,  the 

_'lit  of  Hdt  which  was  in  solution,  whether  in  an  anhydrous  or 

.-vstaHine  condition.     When  a  salt  is  easily  decomposed  by 

i!u{,  this  chemical  method  of  determining  its  solubility  is  always 

>  be  preferred. 

(197.)  Solution  and  Chemical  Change.  —  Solution  is  genei^ 
Uy  regarded  as  merely  a  mechanical  separation  of  the  particles 
fa  solid,  which  are  diffused  through  the  liquid  solvent.  Thus, 
hen  Bttgar  dissolves  in  water,  its  particles  arc  diffused  through- 
ut  the  liquid ;  but  they  are  not  supposed  to  undei^o  any  essen- 
.a)  change,  for  the  syrup  retains  the  sweetness  of  the  sugar,  and 
u  eraporolion  yields  solid  sugar,  with  all  its  peculiar  proi>ertie3. 
o  al30  a  solution  of  camphor  in  alcohol  partakes  of  the  proper^ 
iea  of  both  substances,  and  when  evaporated  deposits  the  solid 
mttfJior  entirely  unchanged.  Such  a  change  is  supposed  to  be 
ntircly  mechanical,  and  to  differ  widely  from  true  chemical  com- 
inaCion,  in  which  the  properties  of  the  combining  substances 
re  enUrcIy  merged  and  lost  in  those  of  the  compound.  Thus, 
iwn  we  add  lime  to  dilute  nitric  acid,  it  apparently  dissolves, 
•  tugnr  dissolves  in  water,  and  tlie  result  is  a  clear  solution  ;  if, 
mwenr,  wo  examine  the  solution,  we  find  that  the  properties  of 
itne  luTo  disappeared,  and  on  evaporating  it  we  obtain,  not  lime, 
kut  a  DCW  substance  called  nitrate  of  lime.  These  examples 
wmld  seem  to  indicate  that  there  is  a  very  marked  distinction 
Utvoim  solution  and  chemical  combination,  and  this  conclusion 
i>  ipparcntly  confirmed  by  the  fact,  that  whereas  chemical  com- 
^«tion  takes  place  most  easily  between  those  substances  which 
*n  most  unlike,  solution  generally  occurs  most  readily  when 
^  Mlvent  is  more  or  loss  closely  allied  in  its  properties  to 
"a  body  dissolved ;  thus  mercury  dissolves  the  metals,  alcohol 
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the  resins,  and  oils  dissolve  the  fats.  But  if,  instead  of  compa^ 
ing  these  extreme  ca^ics,  we  study  the  wliole  range  of  cheuucal 
plienomena,  we  shall  find  that  the  distinction  between  solution 
and  chemical  combination  is  by  no  means  so  clearly  marked,  and 
that  it  is  impossible  to  say  where  the  one  ends  and  the  other  begins. 
In  many  cases,  what  seems  to  be  an  example  of  simple  solution 
can  be  sliown  to  bo  a  mixed  cfTect,  at  least,  of  solution  and  chem- 
ical combination  ;  and  between  this  condition  of  things,  where  tlie 
evidence  of  chemical  combination  is  unmistakable,  and  a  simple 
solution  like  that  of  sugar  in  water,  we  have  every  d^reeof 
gradation.  To  such  an  extent  is  this  true,  that  the  fiicts  seem  to 
justify  the  opinion  that  solution  is  in  every  case  a  chemical  com- 
bination of  the  substance  dissolved  with  the  solveut,  and  tint 
it  ditfors  from  other  examples  of  chemical  change  only  iu  the 
weakness  of  the  combining  force.  There  are  many  remarkable 
phenomena  connected  with  the  solution  of  salts  in  water,  which 
are  probably  caused  by  the  intervention  of  chemical  afliuity. 

There  are  but  few  anhydrous  salts  which  dissolve  in  water 
without  entering  into  chemical  combination  with  it ;  in  such 
cases  we  obtain,  not,  properly  speaking,  a  solution  of  the  anhy- 
drous salt,  but  a  solution  of  a  compound  of  the  anhydrous  salt 
and  water.  Thus,  for  example,  if  we  dissolve  anhydrous  sul- 
phate of  soda  in  water,  every  44.2  parts  of  the  salt  combine  with 
55.8  parts  of  water,  and  we  obtain  a  solution,  not  of  Na  0,  SOj, 
but  of  Na  0,  S  Oj  .  10  IIO ;  and  on  evaiK)rating  the  solution  at 
the  ordinary  temperature,  crystals  of  tlie  hydrated  salt  arc  de- 
posited. The  water  which  is  tluis  combined  with  the  salt  is 
termed  water  of  crystallization.  It  is  combined  in  definite  pro- 
portions, but  is  united  by  so  feeble  an  affinity,  that  it  is  cnlirclj 
driven  off  when  the  crystallized  salt  is  heated  to  33°  iu  the  opea 
air.  It  is  true  that  it  is  difficult,  and  frequently  impossible,  to 
ascertain  tlie  condition  in  which  a  salt  exists  when  in  solution, 
and  that  the  condition  in  which  it  is  deposited  on  evaporation 
is  not  necessarily  tlie  same  as  that  in  which  it  was  dissolved* 
Even  in  the  case  just  cited,  it  is  im[>08sible  to  determine  witb 
certainty  whether  the  hydrated  salt  exists  as  such,  in  solutioU' 
or  whether  it  is  first  formed  at  the  moment  of  crystallizatiot^* 
Several  facts,  however,  seem  to  support  the  first  hypothesis. 

On  examining  the  curve  of  solubility  of  anhydrous  sulpha.*^ 
of  soda  (Fig.  328),  it  will  be  noticed  that  the  solubility  rapid^« 
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(OSes  with  flio  temperature  up  to  33',  whore  it  readies  ita 

mm,  and  lltea  diminisliQs  as  tha  tcmporatiini  rises  alxivu  tliia 

Such  a  sudden  break  in  the  continuity  of  the  curve  as 

f  U  inexplicable,  at  least  vilh  our  present  knowledge,  if  we 

i  ttiat  Ihtt  water  holds  in  eolution  otio  and  Ihe  same  body 

•';r<mghout  the  whole  range  of  tcuiperaluro ;  while  it  is  easily 

I  Inincd,  if  wc  assume  that  the  composition  of  the  salt  in  solu- 

ti^'ii  changes  with  the  temperature  ;  —  for  if,  as  would  naturally 

^■Uhe  case,  tlie  solubility  of  the  t^-At  is  dilVcrcut  iu  its  bydraled 
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■  its  anhydrous  conditions,  the  sudden  change  in  its  solubility 

f  bo  caused  by  a  change  of  composition  commencing  at  a  par- 

r  point.     That  this  is  the  case  with  sulphate  of  soda  is 

Atinted  by  the  fact,  that  the  sudden  change  in  tlie  law  of 

lolubility  takes  place  at  ^3",  the  temperature  at  which  the 

ted  salt  loses  its  water  in  the  air.     It  is  not  supposed,  how- 

1  ihe  change  of  composition  is  completed  at  that  tem- 

!«,  but  only  tliat  it  commences  at  that  point,  and  bceomeB 

B  ooroplete  as  the  temperature  rises.     Bl-1ow  33°,  the  change 

lolubility  is  owing  to  the  natural  effect  of  heat  in  increasing 

iio  solubility  of  tho  hydratod  salt.     Above  33",  the  change  is 

iiiiiod  effect  of  tho  cause  just  mentioned  and  of  tho  change  of 

Ux!  tiydmted  into  ihe  less  soluble  anhydrous  salt. 

It  ia  obvious,  from  what  has  been   stated,  that  the  curve  of 
aolDbHity  of  anhydrous  sulpliate  of  Eoda  giveu  in  Fig.  328  is  a 
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pure  fiction,  since  below  SS""  it  is  Na  0,  SOs  •  10  HO,  and  not 
NaO,  SO9,  which  is  in  solution  ;  and  the  same  is  true  also  of  sul- 
phate of  magnesia  and  chloride  of  barium,  both  of  which  form 
crystalline  compounds  in  water.  Indeed,  in  order  that  such  a 
curve  should  be  a  representation  of  actual  facts,  it  is  essential 
to  know  in  what  condition  the  salt  exists  in  solution  at  each  teoh 
perature,  and  to  calculate  the  solubility  solely  for  the  hydrate 
which  is  known  to  be  present.  A  separate  curve  should  tlien  be 
constructed  for  each  definite  compound,  between  the  limits  of 
temperature  at  which  it  is  known  to  exist.  .  This  has  been  done 
in  the  case  of  sulphate  of  soda,  by  Loewel,*  who  has  determined 
separately  the  solubility  of  the  three  compounds  NaO,  SO^ 
Na  O,  SO3 .  7  HO,  and  Na  0,  SO, .  10  HO,  between  the  limits  d 
temperature  at  which  they  are  capable  of  existing.  His  nume^ 
ical  results  are  given  in  the  table  on  page  875,t  and  from  them 
the  curve  may  easily  be  drawn. 

In  the  case  of  the  two  hydrates,  the  table  gives  in  each  in- 
stance the  amount  of  anhydrous  salt  corresponding  to  the  hydrate 
dissolved,  and  by  comparing  the  three  columns  headed  *^  anbj- 
drous  salt,"  it  will  be  seen  that  the  amount  of  Na  0,  SO,  which 
100  parts  of  water  will  dissolve  at  20®,  .for  example,  varies  very 
considerably  with  the  condition  of  hydration  in  which  it  exists. 
It  will  also  be  noticed,  that  the  change  of  solubility  for  each  com- 
pound follows  a  uniform  law  throughout ;  the  solubility  increas- 
ing with  the  temperature  in  the  case  of  the  two  hydrates,  and 
diminishing  with  the  temperature  in  that  of  the  anhydrous  salt. 
It  is  the  combination  of  these  two  phenomena  which  causes  the 
seeming  irregularity  in  the  curve  of  anhydrous  sulphate  of  soda, 
as  determined  by  Gay-Lussac,  and  represented  in  the  figure  above- 
Similar  irregularities,  which  have  been  observed  in  seleniate  oi 
soda,  carbonate  of  soda,  and  many  other  salts,  are  probably  to  b<3 
explained  in  the  same  way,  although  the  subject  has  not  bee^ 
as  yet  sufficiently  investigated  to  furnish  the  data  for  a  satisfia^^ 
tory  conclusion  in  all  cases. 

Locwcl,  whose  memoirs  on  the  solubility  of  siilpliate  of  so&  ^ 
we  have  just  cited,  has  investigated  with  equal  care  the  solubL^ 
ity  of  a  few  other  salts.|    Ii^  the  case  both  of  carbonate  of 


♦  Annalcs  do  Cliimie  ct  dc  Physique,  Tom.  XXIX.  p.  62  ;  Tom.  XXXIII.  p.S5i^ 

t  Ibid.,  Tom.  XLIX.  p.  32. 

I  Ibid.,  Tom.  XXXIII.  p.  334  ;  Tom.  XLUI.  p.  405  ;  Tom.  XLIV.  p.  313. 
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and  sulphate  of  magnesia,  he  found,  very  remarkably,  that  the 
solubility  not  only  differed  for  the  different  hydrates,  but  also 
was  different  for  the  different  states  of  the  same  hydrate.    Thus 
the  salt  NaO,  C0« .  7  HO  can  be  obtained  in  two  different  con- 
ditions or  allotropic  modifications,  which  we  may  disting^h  is 
a  and  6,  the  salt  a  crystallizing  in  rhombohedrons,  the  salt  6  in 
tabular  prisms.     Loewel  observed  that  the  solubility  of  the  salt 
was  very  different  in  these  two  modifications,  that  of  a  being  nearly 
twice  as  great  as  that  of  b.    The  table  on  page  877,  which  has 
been  taken  from  the  original  memoir,*  gives  tlie  solubility  at  dif- 
ferent temperatures,  not  only  of  these  two  modifications,  but  also 
of  the  ordinary  crystallized  carbonate  of  soda,  which  contains 
ten  equivalents  of  water  of  crystallization.     In  the  case  of  each 
salt,  the  corresponding  amounts  of  anliydrous  salt  are  given  for 
the  sake  of  comparison. 

This  table  illustrates  even  in  a  more  marked  manner  than  the 
last  the  fact  on  which  we  have  insisted  so  strongly  in  this  section, 
that  the  solubility  of  a  salt  varies  not  only  with  the  temperatore, 
but  also  with  its  state  of  hydration;  and  it  illustrates  an  addition- 
al fact,  that  the  solubility  may  also  be  altered  by  a  mere  change 
of  molecular  condition,  without  any  change  in  composition.  Phe- 
nomena analogous  to  those  just  described  were  also  observed  by 
Loewel  in  the  case  of  sulphate  of  magnesia,  but  for  the  details  in 
regard  to  them  we  must  refer  to  the  original  memoir.f 

(198.)  Supersaturated  Solutions.  —  Water  is  said  to  be  su- 
persaturated when  it  contains  in  solution  more  of  a  salt  than  it 
would  dissolve  if  presented  to  the  salt  at  the  given  temperature. 
That  saturated  solutions  do  not  at  once  deposit  the  excess  of  salt 
which  they  hold  in  solution,  when  cooled  to  a  lower  temperature, 
is  a  fact  familiar  to  every  one  who  lias  experimented  on  this  sub- 
ject ;  but  there  can  be  also  no  doubt  that  the  prominent  exam- 
ples, which  are  frequently  cited  as  illustrations  of  this  fact,  are 
to  be  referred  to  the  intervention  of  the  force  of  chemical  affinity 
in  a  manner  similar  to  that  explained  in  the  last  section. 

If  wo  prepare  a  boiling  saturated  sohition  of  sulphate  of  soda 
in  a  glass  fiask,  and,  having  corked  the  fiask  while  the  solution  is 
boiling,  allow  it  to  cool  to  the  temperature  of  the  air,  it  may  be 


*  Annates  de  Chimic  et  de  Physique,  Tom.  XXXIII.  p.  334. 
t  Ibid.,  Tom.  XLIII.  p.  405. 
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kept  for  months  without  crystallizing;  but  the  moment  a  fjam 
rod  or  a  crystal  of  Glauber's  salt  is  dipped  into  it,  tlie  whole  masi 
becomes  semi-solid  from  the  sudden  formation  of  crystals,  which 
ray  out  from  the  solid  nucleus  in  every  direction.    This  singukr 
phenomenon  was  formerly  supposed  to  be  similar  to  what  is  fr&- 
queutly  observed  during  the  freezing  of  water  and  Uie  solidify- 
ing of  monohydratcd  acetic  acid,  melted  phosphorus,  and  many 
other  substances.     It  is  well  known  that  these  liquids,  if  kept 
perfectly  still,  may  be  cooled  several  degrees  below  the  melting 
point  without  losing  their  liquid  condition,  but  that  if  disturbed 
when  in  this  state,  they  at  once  become  solid.    These  phenomena 
have  been  referred  to  the  inertia  of  the  particles,  which  tends 
to  retain  the  substance  in  a  liquid  condition  below  the  usoal 
temperature,  and  the  same  explanation  has  been  extended  to  the 
sudden  crystallization  of  sulphate  of  soda,  as  above  described. 

Loewel,  in  the  memoir  already  referred  to,*  has  investigated 
this  subject  with  great  care.  He  found  that,  if  a  supersatu- 
rated solution  of  sulphate  of  soda  is  cooled  to  a  low  tempera- 
ture, it  deposits  crystals  containing  seven  equivalents  of  water, 
which  are  much  more  soluble  than  the  ordinary  crystals  of 
Glauber's  saltf  (Na  0,  SO3 .  10  HO).  From  this  fact  he  con- 
cluded that  the  so-called  supersaturated  solution  is  not  a  super* 
saturated  solution  of  Glauber's  salt,  but  merely  a  saturated  solu- 
tion of  the  more  soluble  hydrate  (Na  0,  SO3 .  7  HO).  That  the 
solution  is  not  at  all  changed  by  the  deposition  of  the  crystals 
Na  0,  SO3  .  7  HO,  is  proved  by  the  fact,  that,  if  it  is  exposed  to 
the  air  or  touched  by  a  glass  rod,  it  becomes  suddenly  semi-solid 
from  the  deposition  of  Glauber's  salt.  These,  and  a  large  number 
of  additional  facts  which  Loewel  |  has  observed,  all  tend  to  sup- 

*  Annalcs  do  Chimie  et  de  Physique,  Tom.  XXIX.  p.  62. 

t  See  table  on  page  375. 

I  Id  a  more  recent  memoir,  Loewel  inclines  to  the  opinion,  that  snlphate  of  sod* 
always  dissolves  in  water  as  an  anhydrous  salt,  and  hence  that  in  a  solation  made 
with  Na  O,  SOj  .  10  HO,  or  Na  O,  SOj  .  7  HO,  none  of  the  water  it  combined  diemi- 
cally  with  the  salt  as  water  of  crystallization.  Such  a  change  of  views  does  not,  how- 
ever, seem  to  be  a  necessary  inference  from  the  facts  cited,  and,  as  he  admits,  the  new 
hypothesis  leaves  the  unequal  solubilities  of  the  different  hydrates  entirely  nnezplaiiied. 
The  author,  therefore,  does  not  think  it  necessary  to  change  the  opinion  expretted 
above  in  the  text,  although  it  is  true  that  these  later  investigations  of  Loewel  aeem  to 
show  that  at  certain  temperatures  sulphate  of  soda  exists  in  the  so-called  sapersamraied 
solutions  in  an  anhydrous  condition.  See  Annates  de  Chimie  et  de  Fbysiqae,  (9*  S6fie,) 
Tom.  XXIX.  p.  32,  and  compare  Jahresbcricht  der  Chimie,  &c.  (fir  1S57,  8.  921.  Set 
also  an  article  by  Dr.  Hugo  Schiff,  Ann.  der  Chem.  and  Pharm.,  Band  CXL  8.  €8. 
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^Hftrt  the  conclusion,  that  in  tho  so-called  supersaturated  solution 
^Hr  Htil|)liate  uf  &oda  tlie  salt  exists  in  solution  combined  with 
Kven  equivalents  of  water,  and  does  not  crystallize  until  some 
circumstaiico  causes  it  to  combine  with  throe  equivalents  more  of 
water,  and  to  ctiuiigc  iiilo  tlie  less  soluble  compound  which  we 
Imre  called  Glauber's  salt.  What  the  cireumstancos  are  which 
produce  this  singular  change,  or  in  what  way  they  act,  we  do 
iiol  yet  fully  intdcrstund.  Some  very  remarkable  facts  in  con- 
nection with  it  have  been  noticed  by  Loewol  and  others.  Thus 
a  glus  rod,  if  heated  and  afterwards  cooled,  loses  its  power  of 
causing  (he  crystallization.     Alcohol,  if  poured  into  the  flask  so 

110  form  a  layer  over  the  solution,  generally  causes  it  to  crys- 
llizo ;  but  if  previously  boiled,  it  no  longer  produces  this  effect. 
slowly,  however,  witlidraws  the  water  from  the  solution,  and 
uses  it  to  deposit  crystals  of  Na  0,  ^0,  .  7  HO ;  and  it  was  in 
is  way  that  Loewel  obtained  the  largest  and  purest  crystals  of 
is  Iiydrato.  The  opinion  has  been  advanced  by  Liebeu,*  that 
it  is  (be  dust  floating  in  the  air,  or  adhering  to  the  glass  rod, 
which  causes  the  sudden  crystallization  of  supersaturated  solu- 
tion  ;  and  he  has  endeavored  to  show  that  neither  the  air  nor  a 
lid  body  will  produce  the  effect  after  they  have  been  freed  from 
,  by  heating,  by  washing  witli  sulphuric  acid,  or  by  any 
ler  means.  This  theory,  although  ingenious,  and  supported 
f  experiment,  does  not  meet  all  the  facts  of  the  case,  oud  the 
ibjocl  requires  further  investigation. 

B_jhenoniena  of  "supersaturated"  solutions,  which  are 
"  "  1  the  case  of  Glaulier's  suit,  have  also  been  noticed  in 
Eof  carbonate  of  soda,  of  sulphate  of  magnesia,  of  acetate 
t,iit  chloride  of  calcium,  and  of  many  other  salls-t  In  some 
FUiese  cases,  they  arc  to  be  explained  as  in  the  case  of  Glauber's 
pts,  by  tlio  formation  of  &  hydrate  more  soluble  than  the  one 
solved,  while  in  others  they  may  be  caused  by  the  formation 
of  a  moro  soluhle  modification  of  the  same  hydrate ;  but  the 
whole  subject  is  still  involved  in  great  obscurity. 

Sd/iWs  on  Gases. 
!(109.)     Absorptirm  of  Gases  by  Porous  So/ids.  —  If  a  piece 
[Vcll-bunit  boxwood  charcoal  is  plunged  while  red-hot  under 
^ary,  and  when  cold  passed  up  into  a  jar  of  gas  confined  over 
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the  same  liquid,  it  will  be  fuund  to  absorb  the  gas  to  a  greafcc; 
or  leas  extent,  varying  with  the  nature  of  the  gas  used.     Accoi-d- 
ing  to  Saussiire's  experiments,  one  cubic  centimetre  of  charcoa/ 
will  absorb  the  number  of  cubic  centimetres  of  the  different  gases 
given  ill  the  following  table:  — 


Absorption  of  Gates  bif  Charcoal. 


Amraonia, 

ChlorohyJric  Acid, 
Sulpliuroas  Acid,    . 
Siitpliide  of  Hydrogen, 
Protoxide  of  Nitrogen, 
Carboiiid  Acid,    . 


OU-fiaiit  Gas,  . 
Carbonic  Oxide, 
Oxygen,  .  . 
Nilrogen, 
JIarsh  Gas,  . 
Hydrogen, 


In  soma  cases  the  volume  of  tlu  gases  thus  condensed  is  less 
than  that  which  tliey  would  occupy  in  a  liquid  state,  and  as 
a  general  rule,  the  more  readily  a  gas  can  bo  condensed  to  B 
liquid,  tlie  greater  is  tlie  volume  absorbed  liy  the  charcoal.  It 
will  also  bo  noticed,  tliat  tlie  above  results  follow  very  nearly  the 
same  order  as  the  solubility  of  the  gases  in  water. 

A  piece  of  freshly  bunit  charcoal,  if  exposed  to  the  air,  con- 
denses tlie  gases  and  moisture  of  the  atmospliero  to  such  on 
extent,  tliat  its  weight  freqiiently  increases  one  fifth  in  a  few  days. 
The  presence  of  condensed  air  in  common  wood  cliarcoal  can 
easily  lie  made  evident  by  plunging  it  under  liot  water.  Tbe 
heat  of  tlic  water  expands  tlic  conlincd  air,  which  is  thus  driven 
out  of  the  pores  of  the  wood,  and  bubbles  up  through  the  water. 
Owing  to  this  absorbing  power  of  charcoal,  water  saturated  with 
many  gases  may  be  freed  from  them  by  filtering  it  through  ivory- 
black.  Water  impregnated  with  sulphide  of  hydrogen  may  be 
in  this  way  so  perfectly  purified,  that  its  presence  cannot  bo  de- 
tected either  by  tlio  nauseous  odor  or  by  the  ordinary  tests. 

This  power  of  absorbing  gases  is  not  eoiifiucd  to  charcoal,  but 
belongs  in  a  greater  or  loss  degree  to  other  porous  solids.  The 
following  table  gives  the  number  of  cubic  centimetres  of  diOereut 
gases  absorbed  respectively  by  one  cubic  centimetre  of  Meer- 
schaum, plaster  of  Paris,  and  silk,  when  the  temperature  is  15* 
and  the  pressure  of  the  air  73  c.  m.  By  comparing  this  table 
with  the  last,  it  will  be  noticed  that  not  only  the  ahsolule  quan- 
tities of  the  gases  absorbed  are  dilTerent  for  different  solids,  but 
also  that  the  relative  power  of  absorption  of  these  solids  for  tlio 
different  gases  is  different  in  cvury  case. 
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5.26     - 

0.43  crra.i 

1.1       « 

1.17     " 

0.3       « 

1.49     " 
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1.00     " 

(J..J3     " 

0.13     « 

.11     " 

0.,}0     " 

0.3       " 

metals  in 

the 

<  Btate  of  firv 

a  powder,  load, 

n  of  Gatel  by  MeerKhaum,  Plastrr  of  farU,  and  Sili. 
Moerachaum.        Flular  of  Poru.  Silk. 

AmitKmia,  15.      c.  m.'  78.1    crm.' 

Protoxide  of  Nitrogen,  3.7  J     " 
Carbonic  Acid, 
Oxide  of  Carbon, 
Oxygen, 
Nitrogen, 
Hydrogen, 

In  like  manner 

iron,  and  platinum,  for  example,  absorb  gases  in  Tory  large 
amounts.  The  finely  divided  platinum  called  platinum-black, 
which  is  obtained  by  precipitating  a  solution  of  chloride  of  plati- 

Kaum  with  alcohol,  absorbs,  according  to  Docbereinor,  250  times 
tt8  own  volume  of  oxygen.  The  latent  heat  which  is  set  freo  by 
Uiis  great  condensation  is  sufficient  to  ignite  the  metallic  mass. 
Platinum  sponge,  and  even  platinum  plate,  possess  the  same  power, 
although  to  a  less  degree,  and  it  is  probable  that  all  solid  surfaces 
exert  a  similar  influence  to  a  limited  extent. 

fcThe  absorption  of  gases  by  solids  is  very  greatly  influenced 
th  hy  the  temperature  and  the  pressure  to  which  they  are 
posed.  The  higher  the  temperature,  the  smaller  is  the  amount 
of  gas  absorbed,  and  the  most  efficient  means  of  expelling  the 
gas  from  a  porous  solid  is  to  expose  it  to  a  red  heat.  It  is  how- 
ever  uncertain  whether  even  in  this  way  we  can  remove  all  the 
gas  condensed  on  the  surfaces  of  solid  substances,  and  at  all 
events  to  do  this  requires  a  considerable  time.  Charcoal  and 
otlicr  porous  solids  absorb  tbo  largest  amount  of  gas  only  after 
a  prolonged  ignition  in  a  vacuum.  In  filling  a  barometer  tube 
the  mercury  is  boiled  hi  tlie  tube  in  order  to  remove  the  air 
and  moisture,  not  only  from  the  mercury,  but  also  from  tlie 

Krface  of  the  glass. 
The  greater  tlio  pressure  to  which  a  gas  is  exposed,  the  great- 
is  the  quantity  which  is  absorlied  by  a  solid ;  but  then  the 
quantity  does  not  increase  so  rapidly  as  the  pressure.  On  the 
other  hand,  under  a  diminished  pressure  a  solid  body  absorbs 
a  less  quantity  of  gas,  but  a  greater  volume.  Hence  it  is  not 
possible  by  means  of  an  air-pump  to  remove  all  the  air  from 
a  porous  solid. 

If  a  porous  body,  which  is  saturated  with  one  gas,  is  put  into 
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a  different  gas,  it  gives  up  a  portion  of  the  gas  which  it  had 
first  absorbed,  and  takes  in  its  place  a  quantity,  of  the  second. 
Sometimes  the  presence  of  one   gas  increases  the  power  of  & 
solid  for  absorbing  a  second.     Thus  charcoal  saturated  with 
oxygen  will  absorb  more  hydrogen,  and  charcoal  saturated  with 
hydrogen  will  absorb  more  nitrogen,  than  it  would  if  the  other 
gas  was  not  present.     But  as  a  general  rule,  the  presence  of 
one  gas   diminishes  the  power  of  a  solid  for  absorbing  others. 
Thus  charcoal,  which  after  ignition  will  absorb  thirty-five  times 
its  volume  of  carbonic  acid,  will  only  absorb  about  fifteen  times 
its  volume  if  it  has  been  previously  exposed  to  the  atmosphere, 
and  thus  saturated  witli  air  and  moisture. 

From  tlie  analogous  constitution  of  liquids  and  gases,  we 
should  naturally  expect  that  solids  would  act  on  these  two 
forms  of  fluid  matter  in  an  analogous  way.  The  same  adhesive 
force  which  attracts  liquids  to  tlie  surfaces  of  solids  we  should  ex- 
pect would  also  attract  gases ;  and,  moreover,  since  gases  are 
very  compressible,  we  should  further  expect  that  the  adhesion 
would  condense  the  gas  upon  the  surface  in  proportion  to  the 
strengtli  of  the  attraction.  Moreover,  as  in  the  case  of  liquids, 
we  should  expect  that  the  amount  of  gas  adliering  to  the  sur- 
face or  absorbed  into  the  pores  of  a  solid  would  vary  widi  the 
nature  both  of  the  solid  and  of  the  gas,  with  the  extent  of  the 
surface,  with  the  fineness  of  the  pores,  and,  lastly,  with  the  torn- 
pcraturo,  becoming  less  as  the  temperature  rose. 

The  phenomena  just  described,  it  will  be  noticed,  coincide 
perfectly,  as  far  as  they  go,  with  these  natural  inferences,  thus 
showing  that  they  are  merely  pliases  of  adhesion  and  capillary 
action.  The  force  of  s\irface  attraction,  and  hence  the  amount 
of  gas  absorbed,  varies  even  more  markedly  tlian  in  the  case  of 
liquids,  botlx  with  the  nature  of  tlie  solid  and  that  of  the  gas. 
It  varies  also  with  the  extent  of  the  surface ;  and,  other  things 
being  equal,  it  is  greatest  with  porous  bodies  or  fine  powders,  which 
expose  the  greatest  surface ;  finally  heat,  which  lessens  the  at> 
tractive  force,  diminishes  the  amount  of  gas  absorbed  by  a  solids 
as  it  does  the  amount  of  liquid.  There  are,  it  is  true,  phenomena 
connected  with  the  adhesion  of  gases  to  solids  which  liquids  do 
not  present,  but  these  are  such  as  may  be  supposed  to  arise 
from  the  special  law  of  compressibility,  which  all  gases  obey. 

The  phenomena  described  in  this  section,  like  those  both  of 
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capilWity  aiid  solution,  are  greatly  influenced,  it  irill  bo  noticed, 
by  the  chemical  nature  of  the  budics  conccmc<I,  and  in  fact 
pus  by  iuBcnsiblo  gradations  into  those  wliich  wo  should  class 
among  purely  churaical  changes.  Like  most  phenomena  which 
occupy  the  debataljle  ground  Itetwcen  chemistry  and  physics, 
thoy  present  gruat  complexity,  and  arc  difficult  to  investigate, 
to  that  oiir  knowledge  in  regard  to  them  is  exceedingly  in- 
complete." 

Tlvcre  are  many  phenomena  besides  those  of  absorption  which 

an)  connected  with  the  adhesion  of  gases  to  solids.     The  fact 

II    that  iron  filings,  and  many  other  fine  powders,  sifted  over  the 

^^toface  of  water,  will  float,  tiiough  very  mueh  licancr  than  the 

^^Bnid,  lias  already  been  mentioned.     This  was  then  explained 

^^V  tlie  principles  of  capillary  action.     The  water  is  prevented 

from  wetting  the  solid,  and  therefore  forms  around  the  particles 

It  concave  meniscus  which  buoys  them  up.     But  it  is  solely  the 

thin  film  of  air  adhering  to  these  particles  which  prevents  them 

from  ticcoming  wet,  when  they  wunld  at  once  sink.     The  same 

is  true  also  of  the  platinum  wire  floating  on  mercury,  and  of 

otlier  seemingly   paradoxical  phenomena.     In  all  coses,  if  the 

li()iiid  is  boiled,  the  film  of  air  is  removed  oud   the   paradox 

disappears. 

Liquids  on  Liqvlds. 
(200.)    Liquid  Diffusion.  —  As  a  general  rule,  the  adhesion 

I  sen  the  particles  of  dinercnt  liquids  is  so  much  greater  tlian 
otiesion  lictweeii  their  own  molecules,  that  they  may  be  mixed 
her  in  any  proportion.     Tliis  is  not,  however,  always  tlio 
;  for  after  the  liquids  hare  l>een  mixed  to  a  limited  extent, 
ohosion  may  balance  the  adhesion,  and  the  liquids  will  then 
utoally  saturated.     Thus  ether  and  water  cannot  be  mixed 
loilcly,  and  if  shaken  up  together,  they  will  separate  in  a 
measure  on  being  allowed  to  stand,  tJio  water  dissolving 
about  one  eighth  or  one  tenth  of  its  bulk  of  ether,  and 
itbcr  dissolving  al)ont  the  same  amount  of  water.     So  also 
'    the  Tolalile  oils,  if  shaken  up  with  water,  separate   from  it  al- 
n»Kt  entirely  if  the  mixture  is  allowed  to  stand,  although   the 
water  retain.'!  in  solution  a  sufTicient  amount  to   acquire   the 
flavor  and  odor  of  the  essence. 

■  8m  ■  nccnt  p^>er  bj  Qniackv,  Pogg.  Ami,  CTm.  9M. 
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The  tendency  of  liquids  to  mix  with  each  other  hu  been 
termed  hquid  difiusioii,  and  can  be  made  evident  by  a  simple 
experiment.  A  tall  glass  jar  is  about  two  thirds  filled  with  i 
solution  of  blue  litmus,  and  then,  bj  means  of  a  tube  fdnnel 
reaching  to  the  bottom,  oil  of  vitriol  is  cautiotisly  poured  in,  it 
as  to  occupy  the  lower  portion  of  the  jar.  The  plane  of  eepan- 
tion  of  the  two  liquids  will  be  at  first  distinctly  marked.  But 
this  will  soon  disappear ;  tlie  colored  water  will  sink,  and  Dw 
acid  will  rise,  until  the  two  liquids  have  become  perfectly  inccH^ 
porated.  This  will  require,  however,  two  or  three  days,  and,  if 
watched  at  intervals,  the  progress  of  the  diffusion  may  be  traced 
by  tlie  gradual  change  of  color  in  tlie  water  from  blue  to  red, 
commencing  at  the  bottom  and  slowly  progrossuig  towards  Uh 
top.  A  similar  experiment  can  be  made  widi  alcohol,  or  with 
brine,  and  water ;  also  with  oil  of  turpentine  and  alcohol,  and 
indeed  with  almost  any  two  liquids  which  differ  considerably  in 
their  specific  gravities.  By  coloring  one  of  the  hquids,  the  pro- 
cess may  be  readily  traced. 

(201.)  Experiments  of  Ftofessor  Graham.  —  The  subject  of 
liquid  diflusion  has  been  investigated  with  core  in  regard  to  n- 
line  solutions,  and  we  are  chiefly  indebted  to  Professor  Gtaham 
of  London  for  our  knowledge  on  the  subject.  His  experiments 
were  mado  with  a  very  simple  apparatus.  "  It  consisted  of  a  set 
of  phials  of  nearly  equal  capacity,  cast  in  the  same  mould,  and 
further  adjusted  by  grinding  to  a  uniform  size  of  aperture.  The 
phials  were  3.8  inches  liigh,  with  a  neck 
0.5  inch  in  depth,  and  aperture  1.25  inch 
wide,  capacity  to  base  of  neck  equal  to 
2080  grains  of  water,  or  between  4  and  5 
ounces.  For  each  dilfusion-phial  a  plain 
glass  water-jar  was  also  provided,  4  inches 
in  diameter  and  7  inches  deep."  *  (Fig. 
S29.) 

The  difiiision-phial  was  in  the  first  place 

filled  with  the  saline  solution  to  the  base  of 

'^■'^-  the  neck,  or,  more  accurately,  to  a  level 

exactly  half  an  inch  below  the  ground  surface  of  the  lip.    The 

neck  was  then  filled  with  distilled  water,  and  a  light  float 

*  Gnharo'i  Elemtnti  of  Cbemitajr,  edited  b;  Vatto,  VoL  n.  p.  SO*. 
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placed  upon  tlio  surface.  Thus  prepared,  the  phial  was  traas- 
H  ferrcd  (o  the  jur,  which  was  thoii  fllicd  with  water  to  the  height 
l|tf^Kn  inch  al>i)Vo  the  mouth  of  the  phiul,  which  w.ts  opened  bj 
^^B  floatUig  of  tlie  coror.  This  required  about  20  ounces  of 
^^Bler.  Tliu  apimratus  was  then  lell  undisturbL-d,  and  kept  at  a 
j^oobflant  temperatiu-o  for  several  days.  At  the  end  of  tlie  re- 
qiiin^  time,  the  difiiision  was  interrupted  by  closing  the  mouth 
of  Utc  phial  with  a  ground-gloss  plalc,  and  the  amonnt  of  eialt 
I  oeccrtained,  by  evajromting  the  water  in  the  jar  to  dry- 
I,  and  weighing  the  residue. 
From  these  experiments,  and  a  number  of  others  made  in  & 
■  manner,  the  following  important  conclusions  have  been 
iduccd. 

Willi  solntions   of  the   same   substance,  but  of  different 
sngths,  the  quantity  of  salt  diffused  in  equal  times  is  propor- 
ncd  to  tlie  quantity  in  solution.     For  example,  four  solutions 
t  common  salt  were  prepared,  containing,  respectively,  1,  2,  3, 
1  4  parts  of  salt  to  100  of  water.     The  experiments  continued 
r  eight  days,  and  the  quantities  diffused  were  respectively  2.78 
16,  5.54  grains,  8.37  grains,  and  11.11  grains.     These  nmn- 
B  are  cdmost  ciactly  proportional  to  the  first. 
t£.  With  solutions  of  different  sul>stances  of  the  same  strength, 
B  quantity  diffiised  varies  with  the  chemical  nature  of  the  sub- 
This  is  shown  by  the  following  table,  which  gives  the 
^ht  in  grains  of  the  substance  diffused  in  eight  days,  from 
lutions  containing,  in  each   case,    20   parts  of  the  solid  dis- 
ked  in   100  parts  of  water,  and  exposed  to  a   temperature 
t  60-.5  F. 


Diffusion  of  Solids  in  Sofuiion. 


Bp-Or-MflOoF. 

Wd^t  la  QnlDi 

Solphate  of  Klagnesia, 

1.18.^ 

27.42 

Chloride  of  Sodium, 

1.126 

58.68 

KltnK  of  Soda, 

1.1-20 

51M 

Oil  of  Viiriol, 

1.108 

69.32 

1  BogRT-Cdndy, 

1.070 

S6.74 

fBwlry  Sogar, 

1.066 

26.21 

Sum^h  Sugar, 

1-061 

26.94 

Gum  Anbie, 

1.060 

13.24 

AUioineD, 

1.053 

3.08 
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The  substances  have  been  arranged  in  the  order  of  the  spedfic 
gravities  of  the  solution,  and  the  table  also  shows  that  there  is 
no  apparent  connection  between  the  amount  of  diffusion  and  the 
specific  gravity  of  the  solution. 

3.  If,  instead  of  comparing  together,  as  in  the  last  table,  the 
amounts  of  different  substances  diffused  in  equal  times,  we  ooni> 
pare  together  the  times  required  for  the  equal  diffusion  of  these 
same  substances,  we  discover  some  remarkable  numerical  rela- 
tions. There  exist  classes  of  equi-diffusive  substances,  and,  as  a 
general  rule,  those  substances  which  have  an  analogous  chemical 
composition,  and  crystallize  in  closely  allied  forms,  liave  equal 
rates  of  diffusion.  Several  such  groups  have  been  distinguished, 
and  the  rate  of  diffusion  in  each  group  is  connected  with  the  rate 
of  diffusion  in  the  other  groups  by  a  simple  numerical  relation, 
as  is  shown  in  the  following  table.  The  first  column  gives  the 
nimiber  of  the  group,  with  the  name  of  the  most  characteristic 
substance  belonging  to  it.  The  second  gives  the  relative  difio- 
sion  of  these  substances  in  equal  times,  in  other  words,  the  rate 
of  diffusion.  The  third  gives  the  times  of  equal  diffusion ;  and 
the  fourth,  the  squares  of  these  times,  wliich  stand  to  each  other 
very  nearly  in  the  simple  relation  expressed  in  the  last  column. 

y.        ^  Rate  of  Time«  of  Bqaal         Sqnuvs  -omti^ 

G'O^P*'  Diffusion.  Diffodon.  of  Times.  """^ 

1.  Chlorobydric  Acid,  1.000  8.960  15.682  2 

2.  Hydrate  of  Potash,  0.800  4.950  24.502  8 
8.  Nitrate  of  Potash,             0.565           7.000          49.000  6 

4.  Nitrate  of  Soda,  0.462  8.573  73.496  9 

5.  Sulphate  of  Potash,  0.400  9.900  98.010  12 

6.  Sulphate  of  Soda,  0.326  12.125  147.015  18 

7.  Sulphate  of  Magnesia,  0.200  19.800  892.040  48 

4.  The  rate  of  diffusion  increases  with  the  temperature,  but 
increases  in  an  equal  proportion  for  all  substances,  so  that  the 
ratio  between  the  diffusion  of  different  bodies  is  the  same  for  all 
temperatures. 

5.  If  two  substances,  which  do  not  combine  chemically  and 
have  different  rates  of  diffusion,  are  placed  in  the  diffusion-phial, 
they  may  be  partially  separated  by  the  process  of  diffusion,  since 
the  more  diffusible  passes  out  the  most  rapidly,  although  the 
relative  rate  of  difiusion  may  be  somewhat  changed. 

Chemical  decomposition  may  be  even  effected  in  this  way,  one 
ingredient  of  the  compound  diffusing  more  rapidly  than  the  other. 
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Prom  a  eolation  of  bisulphate  of  potash  saturated  at  20°  C  ,  tliere 
•wure  dilTusctJ  in  fifty  days  31.8  parts  of  bisulpliatc  of  potash,  and 
12.H  parts  of  hydratod  sulphuric  acid.  From  a  sohitioo  of  8 
parts  of  anhydrous  alum  in  100  parts  of  water  there  were  dif- 
fused iu  eight  days,  at  1 1'*.9  C,  o.S  parts  of  alum  and  2.2  parts  of 

^■flpliato  of  potash  ;  and  other  similar  examples  might  be  cited.* 

^^■6.  The  diffusion  of  a  salt  into  the  solution  of  another  salt 

j^^^ca  place  with  nearly  the  same  velocity  as  into  pure  water,  at 

II  least  when  the  solutions  are  dilute.  Here,  as  in  all  experiments 
oil  li<)uid  diffusion,  uniformity  of  action  takes  place  only  iu  dilute 
vulntion.  As  the  solution  becomes  saturated,  the  cohesion  of  the 
particles  of  the  solid  appears  to  introduce  irregularities. 

7.  "The  velocity  with  which  a  soluble  salt  diffuses  from  a 
itroitger  into  a  weaker  solution,  is  proportional  to  the  difference 
of  concentration  between  two  contiguous  strata."  This  law  has 
bcca  experimentally  demonstrated  by  Frick  in  the  case  of  chlo- 

J   tide  of  sodium,  but  it  cannot  as  yet  be  regarded  as  completely 

■■ftblished.t 

^^V202.)     Osmose.  —  When   two   liquids   are   separated   by  a 

P^Plvus  diaphragm,  diffusion  may  still 

'  taVe  place,  although  the  phenomena 
are  modlGed  in  a  remarkable  manner 
by  ttto  presence  of  the  septum.  This 
is  best  illustrated  by  means  of  the 
ap])aratus   called   an    osmometer.     It 

^jB*y  be  couBtructed  in  various  ways, 

^Hhit  aa  represented  iu  Fig.  330  it  eon- 

^Bte  of  a  membranous  bag  or  bladder 

wfip«ning  into  a  glass  tube,  to  which  it 
;-  fastened  hermetically.  The  bladder 
-  Oiled  with  a  concentrated  solution 

^^^  common  salt,  and  suspended  in  a 

^^L  filled  with  pure  water.     Since  the 

^^Bmal  membrane  is  readily  pcuctrat- 

^^B  l>y  tlie  water,  it  is  evident  that 
ibc  water  on  the  one  side,  and  the 
talt  solution  on  the  other,  must  Ik;  iu 
direct  oontact,  and  hence  a  difFtision  of 


*  OnbuB'i  Chemistrj,  YoL  H.  p.  6H. 


1  Ibid.,  p.  610. 
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the  salt  must  take  place,  following  the  laws  of  liquid  difiuaoa 
enunciated  in  the  last  section.  We  should,  therefore,  expect 
that  the  salt  would  pass  out  into  the  water  of  the  jar,  as  we 
find  to  be  the  case ;  but  the  remarkable  fact  in  connection  vith 
this  experiment  is,  that  a  volume  pf  water  enters  the  bladder 
which  is  very  much  greater  than  could  be  introduced  by  simple 
liquid  diffusion,  amounting  in  some  cases  to  several  hundred 
times  that  of  the  salt  displaced,  tlie  liquid  slowly  rising  in  the 
glass  tube  of  the  osmometer  until  it  attains  a  very  considerable 
height.  The  flow  of  water  through  the  membrane  is  termed 
osmose,  and  the  unknown  power  which  produces  it,  osmotic 
force.  It  is  a  force  of  great  intensity,  capable  of  supporting  % 
column  of  water  several  metres  high.  Tlie  first  important  phe- 
nomenon to  be  studied  in  this  connection  is  this  remarkable  flov 
of  water.  The  movement  of  the  salt  in  the  opposite  direction 
appears  to  follow  the  laws  of  liquid  diffusion,  and,  according  to 
Graham's  experiments,  is  not  infiuenced  by  the  presence  of  the 
membrane,  unless  it  is  quite  thick. 

We  have  supposed  that  the  bladder  in  this  experiment  con- 
tained a  solution  of  common  salt ;  but  we  may  use  in  its  place 
alcohol,  or  solutions  of  cane  sugar,  of  Glauber's  salt,  and  of 
many  other  saline  bodies,  with  precisely  the  same  result.  The 
conditions  of  osmose  appear  to  be,  that  tlie  liquids  are  capable  of 
mixing,  and  that  the  membrane  or  septum  which  separates  them 
has  a  greater  adhesion  for  one  liquid  than  for  the  other. 

When  the  osmose  takes  place  between  water  and  solutions  of 
salts,  the  quantity  of  salt  which  passes  through  the  membrane 
into  the  water  is  always  replaced  by  a  definite  quantity  of  water, 
and  the  ratio  obtained  by  dividing  the  last  quantity  by  the  first 
has  been  termed  the  osmotic  equivalent  of  the  salt.  This  ratio 
varies  with  the  nature  of  the  salt,  and  also,  to  some  extent  cer- 
tainly, with  that  of  the  membrane.  It  moreover  increases  with 
the  temperature,  but  it  appears  to  be  independent  of  the  density 
of  the  solution.  The  osmotic  equivalent  for  Glauber's  salts,  for 
example,  when  the  pericardium  of  the  calf  is  used  as  the  septum, 
was  found  by  Hoffmann  *  to  be  5.1. 

The  action  of  the  septum  in  osmose  has  been  explained  in 
various  ways.     The  simplest  explanation  which  has  been  given 

• 

*  Untenachangen  Uber  das  endosmotiBche  Acqairalent  des  GUabenalm.  Okwen, 
1858. 
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on  tlio  un(M]ual  adlieslon  of  tlio  two  liquids  to  tlie  porous 

Lot  lis  suppose  that  tlie  septum  is  a  piece  of  tlie  blod- 

«r  an  OS,  and  that  on  one  Mdc  it  is  iu  contact  with  alcohol, 

1  the  otbcr  with  water.     As  was  stated  (194)  the  mem- 

lio  lini  a  very  much  greater  attraction  for  water  than  for 

piol,  aiid  vould  therefore  absorb  the  first  to  the  entire  csolu- 

1,  of  Uio  second,  were  it  not  for  tlie  adhesion  between  the  two 

uA»,     III  consequeiiuo  of  tins,  tlio  alcohol  is  slowly  dilTused 

Mgli  tin  water  contained  in  tlie  membrane,  which  thus  bo- 

I  saturated  with  greatly  diluted  alcohol.     Hence,  on  the 

lof  iJta  niemhriiiie  tijivards  the  alcohol,  nearly  pure  water  i» 

olJict  with  strong  alcohol,  and  a  rapid  diffusion  of  the  first 

\  the  last  nccRBsarily  rL-sults,     The  place  of  the  water  thus 

Jjiug  h  supplied  by  fresh  water,  and  a  current  of  water  is 

t  established  flowing  in  towards  the  alcohol.     On  the  tide  of 

Vmimihrano  towards  the  water,  we  have,  on  the  other  hand, 

f  diluto  tdcohol  in  contact  with  water,  so  that,  although  dif- 

fan  takes  place,  il  is  very  much  less  rapid  than  that  in  the 

Bite  direction.     The  flow  of  the  water  is  then  the  result  of 

[  foKCt,  —  first,  llie  excess  of  the  attraction  of  the  bladder 

jrater  over  Us  attraction  for  alcohol,  and,  secondly,  the  diSii- 

■  foroo  between  the  two  liquids ;  while  the  flow  of  tlio  alcohol 

pho  to  tJic  difl'usivo  furcc  alone,  and  must  therefore  be  less 

%m  solgect  of  o?molir  nction    has  also  been  carefully  invemljrated 
'  GraliNin,  nlio  tiaa  established  several  imporlaat  liiuis  in 

1  to  it. 

e  ni<Hl  remarkable  concliirfon  i?,  that  all  substances  may  be  divided 
h  whioh  he  names  crystalloids  anti  colloids.  Tlie  lir.^t  class 
Nible  of  crystnlUziog,  and  as  a  general  rule  they  form  perfecdy 
iona,  which  bave  a  decided  taste.  The  second  class,  on  llie  other 
iacs|iuble  of  crystal  I  iiing,  and  giie  hisipid  vircid  si.Iutions, 
k  readily  form  into  jelly.  Hi'Dce  the  name  eolioid,  from  coXXif,  glue. 
KiTer,  while  crystalloid  bodic,  like  sugar  or  salt,  diffuse  wiib  com- 
e  npidtiy,  the  colloids,  such  as  gum,  starch,  caramel,  |re!nline,  and 
to,  are  chaniL-ierized  by  a  remarkable  shiggishness  and  indispoai- 

0  diffii»ion.     This  fact  is  made  evident  by  the  followiag  table,  and 

1  br  noticed  that  palphnle  of  magnesia  and  cane-^ugnr,  kIiIcIi  are 
>  the  \n\si  diffusible  of  crystalline  tiodies,  diffuse  seven  times  as 

|ly  ax  albnmen,  and  fborieen  limes  as  rapidly  as  caramel,  both  vrell- 
il  ciolloida. 
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Approximate  Times  of  Equal  Diffimtnu 

Hydrochloric  Acid 1. 

Chloride  of  Sodium SJIS 

Cane-Sugar 7. 

Sulphate  of  Magnesia 7. 

Albumen 49. 

Caramel         .        .        . 98. 

Upon  this  marked  difference  of  qualities,  Graham  has  based  a  waX 
Taluable  method  of  separating  the  two  classes  of  bodies  from  each  other, 
which  he  terms  diali/ns.  A  shallow  tray  is  prepared  by  stretching  pardt* 
ment  paper  (which  is  itself  an  insoluble  colloid)  over  one  side  of  a  gutta- 
percha hoop,  and  holding  it  in  place  by  a  somewhat  larger  hoop  of  the 
same  material.  The  solution  to  be  dialysed  is  poured  into  this  tray,  which 
is  then  floated  on  pure  water  in  a  shallow  dish,  the  volume  of  the  water 
being  fEX>m  six  to  ten  times  greater  than  that  of  the  solutioa.  Under 
these  conditions,  the  crystalloid  will  diffuse  through  the  porous  septoia 
into  the  water,  leaving  the  colloid  on  the  tray,  and  in  the  course  of  one 
or  two  days  the  separation  will  have  taken  place  more  or  lees  oompletelj. 

The  value  of  this  process,  both  in  chemistry  and  pharmacy,  can  be 
readily  understood.  In  examining  organic  mijptures  for  poisona,  it  affbril 
a  ready  means  of  separating  the  mineral  acids  and  the  vegetable  aOoh 
loids  (all  crystalline  bodies)  from  the  vegetable  colloids,  with  which 
they  are  mixed,  and  which  would  obscure  their  chemical  reactioos ;  and 
again  it  furnishes  an  equally  efficient  means  of  freeing  silicic  acid,  cara- 
mel, albumen,  and  other  colloid  bodies,  from  saline  impurities,  which  it  is 
very  difficult,  if  not  impossible,  to  remove  in  any  other  waj.  It  is  not 
essential  for  the  success  of  this  process  that  the  solution  of  the  edUoid 
should  remain  fluid,  for  even  after  the  solution  has  set  into  a  firm  jelly 
the  diffusion  will  continue  apparently  as  rapidly  as  before. 

The  best-known  colloid  bodies,  such  as  gum,  starch,  fruit-jellj,  and 
glue,  —  the  type  of  the  class,  —  are  substances  of  organic  origin,  and  this 
condition  of  matters  seems  to  be  especially  adapted  in  the  plan  of  crea- 
tion for  forming  the  tissues  of  living  beings ;  but  there  are  also  many 
inorganic  colloids,  and  one  at  least  which  plays  a  very  important  part  in 
the  mineral  kingdom.  The  soluble  form  of  silicic  acid  is  a  true  coUoid. 
It  can  readily  be  obtained  by  pouring  a  solution  of  silicate  of  soda  into 
diluted  hydrochloric  acid,  the  acid  being  maintained  in  great  exoees. 
When,  now,  the  resulting  liquid  is  placed  on  a  dialyser,  the  excess  of 
hydrochloric  acid  and  the  common  salt  formed  by  the  chemical  reactioiit 
together  with  a  small  amount  of  silica,  diffuse  into  the  water  below,  leav- 
ing on  the  tray  a  solution  containing  the  great  mass  of  the  silica  in  a 
pure  condition. 
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B  this  wajT  ft  solution  can  readily  be  obttu'ned  conUining  10  or  12  per 
t  of  filicfl.  Suclt  a  solution  gvlatizes  f^ponl^neously  ia  a  few  hours 
eren  at  the  ordinary  temperature,  anii  immedialely  when  liealed.  The 
more  dihite  the  solution  ibe  longer  it  can  be  kept  without  change,  and  a 
nlutioD  liulding  only  one  per  cent  of  silica  is  practically  unnlt(.rable  by 
time.  In  a  like  manner  Profei^sor  Graham  ha«  obtained  alumina,  se^^qui- 
oxide  of  irnn,  ^esqiiioxide  of  chromium,  and  stannic,  roeia-slannic,  titanic, 
tang^tic,  and  molylMlic  acids,  dissolved  in  water  in  a  coloidul  condition, 
snd  presenting  properties  I'irailar  to  those  of  silicic  acid  in  the  same  state. 
All  liie»e  Bubeinnees  usually  exist  in  the  crystalline  condition.  The  col- 
loid coudiilou  iit  an  abnormal  state,  and  in  alt  colloids  tlicre  is  usually  a 
tendency  lo  approach  the  crystalloid  form.  The  water  of  crystal  I  ization 
in  a  crysialloid  is  represented  in  a  colloid  by  what  lias  been  called  water 
or  gelntiuization. 

Liquids  on  Gases. 

(203.)  Adhesion  of  Liqutdi  to  Gases. 
— Tbe  adiiusion  of  liquids  to  gases  is  ex- 
ctnpliftcd  by  the  familiar  fact,  that,  when 
liquids  are  jwured  from  one  vcsael  to  an- 
other, bubbles  of  air  aro  carrietl  down  with 
the  descending  stream,  which  rise  and  break 
ujioii  the  surface  of  tlie  liquid.  Tlic  adhe- 
sion of  water  to  air  ia  a  force  of  considerable 
power,  and  is  applied  in  some  places  for 
prodiicijig  the  constant  blast  whicli  is  re- 
quired for  working  an  iron  forge.  In  Fig. 
331  is  represented  the  machine  which  is 
used  for  this  purpose  at  some  iron  forges 
in  Catalonia.  Water  is  discharged  from 
Uie  reservoir  A,  into  which  it  flows  from 
a  higher  level, 
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which  is  carried  down  by  the  stream  of  water  into  the  reserroir  C, 
and  then  forced  through  the  tube  EFO  and  the  iufere  TV 
into  the  crucible  of  the  forge.  The  stream  of  water  is  broken 
on  a  projecting  ledge,  and  escapes  by  the  opening  D.  By  rais- 
ing or  lowering  the  stopper  g*,  the  quantity  of  water  whidi 
falls,  and  hence  also  the  intensity  of  the  blast,  can  easily  be 
regulated. 

An  aspirator  for  establishing  a  current  of  gas  through  yarioos 
forms  of  chemical  apparatus,  founded  on  the  principle  of  this 
blast  machine,  has  been  described  by  M.  W.  Johnson.*  It  coo- 
sists  merely  of  a  tube  ten  or  twelve  inches  in  length,  attached  bj 
means  of  an  india-rubber  connector  to  a  water-cock.  Near  the 
top  of  this  tube  there  is  a  lateral  tubulature,  which  is  connected 
by  an  india-rubber  hose  with  the  vessel  through  which  the- air  is 
to  be  drawn.  Whon  the  water-cock  is  partially  opened,  a  very 
uniform  and  abundant  current  of  gas  is  drawn  in  at  the  kteral 
opening,  and  its  velocity  can  be  regulated  by  varying  the  length 
of  the  tube. 

(204.)  Solviion  of  Gases. — Another  effect  of  adhesion,  still 
more  important  in  its  chemical  relations  than  the  one  just  con- 
sidered, is  the  absorption  of  gases  by  water  and  other  liquids. 
Water  has  the  power  of  dissolving  all  gases,  although  in  very 
different  proportions,  varying  from  one  thousand  times  its  own 
volume,  in  the  case  of  ammonia,  to  only  about  one  fiftieth  of  its 
volume,  in  that  of  nitrogen. 

The  amount  of  gas  dissolved  by  a  liquid  on  which  it  exerts  no 
chemical  action  depends  upon, — 

1st.  The  peculiar  nature  of  the  gas  and  the  absorbing  liquid. 

2d.  The  pressure  to  which  the  gas  is  exposed. 

8d.  Tlie  temperature. 

The  volume  of  a  gas  (reduced  to  0®  and  to  76  c.  m.  pressure) 
which  is  absorbed  by  one  cubic  centimetre  of  a  liquid  under  the 
pressure  of  76  c.  m.  is  called  the  coefficient  of  absorption.  This 
coefScient  of  absorption  varies  with  the  temperature,  but  for  any 
given  temperature  it  is  a  constant  quantity  for  the  same  gas  and 
liquid.  The  coefficients  of  absorption  at  0®  of  a  few  of  the  best 
known  gases  are  given  in  the  following  table,  both  for  water  and 
for  alcohol :  — 


•  Joamal  of  the  Chemical  Society  of  London,  Vol.  IV.  p.  186. 
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Volnmo  in  t. 


nTttroEra. 
Oijgcn, 

CiubonJc  Acid,  . 
Solphido  of  Hydrogen, 
SalphariHia  Acid, 


Wa»r. 

0.0203.'. 
.     0.01930 

0.0*1  u 
.     1.79G70 

4.;!70(;o 

.   G.S.8S100 
1O49.G0OO0 


Alfohol. 

0.1 2f.34 
0.06925 
0.28897 
4.329r)0 
17.89100 
328.fi20OO 


I  (205.)  Variation  of  tlie  Coefficient  of  Absorption  teith  the 
mpfrature.  —  Iii  a  solid,  the  force  wliich  tlie  eolveiit  power 
Fa  liquid  liOB  to  uvorcome  \&  that  of  cohesion ;  in  a  gns,  on 
f  other  liaiiil,  it  is  tliat  of  repulsiou  ;  and  we  should  ihcrerore 

Jljr  expect,  contrary  to  what  is  true  of  solids,  lliat  the  sol- 

uljtlity  of  gases  would  duuiiuDh  witli  tlio  increase  of  tlie  tempera- 
Hire.  Tliis  wo  find  to  be  the  case,  and,  with  a  few  exceptions, 
ili.>  eolubility  of  a  gas  is  greater  the  lower  the  teraperuture.  As 
in  llic  case  of  solids,  however,  tlie  law  of  the  variation  dcpciids 
upon  the  nature  of  the  gas,  and  must  therefore  be  determined  for 
each  si)ecial  case.  In  Table  VII.  of  the  Appendix,  the  coefficients 
of  (><)ltit>ility  of  tlio  most  familiar  gases  are  given  for  diflbrent  tem- 
peratures witliin  the  limits  of  ordinary  ohscrration.  By  compar- 
ing lt»g«tlicr  tlic  results  of  observation  at  different  temperatures, 
wo  can  obtain,  as  in  the  case  of  the  solubility  of  solids,  intcrpo- 
Utioi)  formulaj  by  means  of  which  tho  coefficients  may  be  cal- 
culated for  other  temperatures  within  certain  restricted  limits. 
Thus  in  Uie  case  of  tlie  altsorption  of  nitrogen  by  walcr,  the 
rv«ults  of  five  experiments  were  as  given  in  the  following  table 
fioiQ  Bun  sen's  Gasometry.' 


Ib.<<lb* 

5^S  ,c-.— 

CoAdnirrDm 

n&nDH. 

4.0 
6.2 

I2.a 

17.T 
»3.7 

O.OtS13 
0.01  TSl 

CDiaao 

O.Ot-136 
0.41392 

0.01837 
0.01737 
0.01533 
0.0  N30 
O.DISBI 

— 0.00008 
— 0.0OOU 
-j~0.00013 
— 0.O(W05 
— 0.00008 

iJj  combination  of  the  experiments  1,  2, 
obtsiti  tlio  interpolation  formula 


>  QtMoaoaj.  hj  Bobert  Buaien.    TnuuUt«l  hy  'Romot.    Londvu.     IB^T. 
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e  =  0.020346  —  0.00053887/  +  0.000011166 /•,        [181.] 

by  means  of  which  the  numbers  of  Table  VII.  may  be  calcu- 
lated. For  the  interpolation  formulse  by  which  the  coeflSdents 
of  absorption  of  other  gases  may  be  calculated,  as  well  in  alcobd 
as  in  water,  we  must  refer  the  student  to  the  excellent  irork 
of  Professor  Bunsen  already  cited,  from  which  Table  VIL  has 
been  taken. 

To  tlie  general  law  that  the  solubility  of  a  gas  diminishes 
with  the  increase  of  the  temperature,  there  are  several  excep- 
tions. Thus,  the  coefficient  of  absorption  of  oxygen  in  alcohol  ii 
constant  at  0.28397  for  temperatures  between  0^  and  24**,  and 
the  same  is  true  also  for  hydrogen  in  water.  So  also  one  vol- 
ume of  water  at  5^  absorbs  less  chlorine  gas  than  at  8^ ;  but  here, 
as  in  similar  cases,  the  apparent  exception  to  the  law  is  caused 
by  the  intervention  of  chemical  affinity.  Chlorine  forms  at  V 
a  definite  crystalline  compound  with  water,  and  the  solubility 
of  this  solid  increases  with  the  temperature  up  to  10^.  AboTO 
this  temperature  the  crystalline  hydrate  cannot  exist,  the  chlo- 
rine dissolves  as  a  gas,  and  its  solubility  follows  the  general 
law,  diminishing  with  the  temperature. 

Although  the  solubility  of  a  gas  increases  as  the  tempeiar 
turc  falls,  yet  at  the  moment  the  liquid  freezes,  the  absorbed 
gas  is  almost  entirely  set  free.  During  the  freezing  of  water 
the  air  dissolved  separates  from  it,  forming  bubbles  in  the  ice. 
So  also  the  oxygen  wliich  is  absorbed  in  large  quantity  by  melted 
silver  is  evolved  when  it  solidifies.  But  when  at  the  freezing 
point  the  dissolved  gas  forms  a  definite  compound  with  the 
water,  it  sometimes  happens  that  no  gas  is  evolved  when  the 
water  freezes,  as  is  the  case  with  the  solution  of  chlorine  just 
mentioned. 

(20G.)  Variation  of  the  Solubility  of  a  Gas  with  the  Ptet- 
sure.  —  This  variation  follows  a  very  simple  law.  The  qwjoh 
tity  of  gas  *  absorbed  by  a  liquid  varies  directly  as  the  pressure 
which  the  gas  exerts  upon  it.  If  now,  instead  of  considering 
the  quantity  of  gas  absorbed,  we  consider  the  volume  absorbed 
under  any  given  pressure,  it  follows,  from  Mariotte's  law,  that 
this  volume  must  be  the  same  in  all  cases.  Thus,  for  example,  at 
0*  one  cubic  centimetre  of  water  absorbs  1.797  cTm.*  of  carbonic 

*  By  the  term  quantity  of  a  gat  is  always  to  be  understood  the  number  of  cubic 
timetras  meaiiured  at  0^  C.  and  under  a  pressure  measured  by  76  c  m.  of  memiiy. 
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acid  pis, frhatever  may  be  its  pressure.  If  the  presstire  is  76  c.  m., 
tliu  qiiantitf  of  gas  ubsoriied  measures,  at  tbo  standard  temjiera- 
ture  and  pressure,  exactly  1.79T  c.  m.'.  If  now  the  pressure  is 
doultled,  the  voltimo  of  gas  absorbed  is  tlie  same  as  Ixjrore,  but 
Uie  quantity  (measured  at  O'C.  and  70  c.  m.)  will  be  found  equal 
to  twice  1.797  or  3.594  cTuT.',  and  tlio  same  is  true  for  all  pres- 
nirea  withiu  the  limits  at  whieh  Mariotte's  law  holds  good. 
(ICo.)  It  ia  true  that  the  law  has  not  been  demonstrated  ex- 
pcrimcutally  except  in  a  few  cases  and  within  very  restricted 
limits,  but  it  is  highly  probable  that  it  is  as  constant  as  that  of 
Harioltc.  Representing  by  V.  and  Yj  W\o  quantities  oi  &  py^a. 
gas  absorl»ed  by  a  giveii  volume  of  liquid  corresponduig  to  the 
pnawun-s  H.  and  H',  we  have  for  the  mathematical  expression  of 
fuudameutal  law  of  gasoractry  the  proportion 


I 


r, :  YJ  : 


[132.] 


Tlic  principles  of  this  section  are  illustrated  by  tho  apparatus 
represented  in  Figs.  332  aud  333,  used  for  saturating  water  with 
carbonic  acid  gas  under 
pressure  (soda-water).  It 
is  made  of  earthenware ; 
aud  tho  two  chambers  A 
B,  as  shown  iu  tho 
,  are  coimected  to- 
■  by  the  fine  IuImj 
Through  the  neck  of 
fe  apparatus  at  u,  water  is 
iduced  into  the  upper 
tuber,  B,  which  is  then 
by  a  screw  plug. 
wugb  this  plug  posses  a 
ie.  p  i,  closed  by  a  valve 

Kock,  by  means  of  wliich  tlie  water  may  be  drawn  off  when 

Brated  with  gas.     Through  a  tubulature  at  o,  which  can  also 

Lclosed  by  a  screw  plug,  the  materials  for  making  carbonic 

I  pw  (Wcarbonate  of  soda,  tartaric  acid,  and  wnter)  are  in- 

daocd  into  tho  lower  chamber,  A.     The  gas,  as  it  is  evolved, 

s  ttirough  the  tube  b  a  into  the  upper  part  of  the  chamber 

I  where  it  comes  in  contact  with  the  surface  of  the  water,  and 

i  part  dissolved,  while  tho  rest  exerts  a  pressure  upon  it 
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amounting  to  several  atmospheres*  On  opening  the  stopcodL) 
the  water  charged  with  gas  is  driven  out  with  force,  and  tti6 
amount  of  gas  dissolved  is  found  to  be  exactly  proportional  to 
the  pressure  which  it  exerted  on  the  surfSsice  of  the  water. 

When  the  water  thus  surcharged  with  gas  is  drawn  out  into  t 
glass  tumbler,  the  excess  of  gas  escapes  with  efiervescence.   If 
the  process  is  closely  examined,  it  will  be  noticed  that  the  bubbles 
of  gas  rise  from  the  sides  and  bottom  of  the  tumbler,  and  if,  while 
the  water  is  still  saturated,  wo  drop  into  it  a  solid  body  with  t 
rough  surface,  a  piece  of  bread,  for  example,  there  will  ensue  • 
brisk  efTcrvescence  around  the  body.     The  cause  of  this  phenom- 
enon is  thus  explained.     The  gas,  as  wo  have  assumed,  is  held 
in  solution  by  the  adhesion  of  the  liquid  particles.     In  the  midst 
of  the  water  the  particles  of  carbonic  acid  are  surrounded  on  iQ 
sides  by  particles  of  liquid,  but  immediately  in  contact  with  the 
solid  they  are  only  attracted  on  one  side  by  the  liquid,  since  on 
tlie  other  they  are  in  contact  with  the  solid  surface.    It  is  evident 
that  the  adhesive  force,  and  hence  also  tlie  solvent  power,  must  be 
less  in  the  last  case  than  in  the  first,  so  that  the  particles  of  gas 
in  contact  with  the  solid  surfaces  will  be  the  first  to  assume 
the  aeriform  condition.     These  particles  uniting  together  form  a 
small  bubble  of  gas,  which,  as  it  rises  through  the  solution,  con- 
stantly enlarges,  and  acquires  a  considerable  size  before  it  breaks 
on  the  surface.     The  bubble  increases  in  size  as  it  ascends,  be- 
cause, as  is  evident,  it  must  have  the  same  effect  as  a  solid  body 
on  all  the  particles  of  the  solution  with  which  it  comes  in  contact, 
diminishing  the  adhesive  force  between  the  water  and  gas. 

If  water  saturated  with  carbonic  acid  is  placed  under  a  glass 
bell  resting  on  the  plate  of  an  air-pump,  the  carbonic  acid  will 
escape  from  the  solution,  and  collect  in  the  bell,  until  the  quantity 
remaining  in  solution  corresponds  to  the  pressure  exerted  by 
the  carbonic  acid  wliich  has  escaped.  Tlie  presence  of  air  in 
the  bell  does  not  in  any  way  affect  the  final  result,  and  precisely 
the  same  quantity  of  carbonic  acid,  and  no  more,  would  rise  into 
the  bell  if  the  air  were  completely  removed.  It  is  true,  how- 
ever, that,  if  the  bell  were  exhausted,  this  quantity  would  escape 
instantaneously,  while,  if  it  is  filled  with  air,  the  equilibrium  is 
only  attained  after  a  considerable  time.  The  same  is  true  if  the 
bell  is  filled  with  other  gases  than  air.  Let  us  now  suppose  that, 
after  the  equilibrium  has  been  attained,  a  portion  of  the  mixture 
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of  cariMiiic  acid  and,  air  is  removed  hy  tbe  pump.  Tlio  pressure 
which  the  carbonic  acid  exerts  ou  the  Eolution  will  tlius  be  di- 
mminlwd,  aud  more  gas  Mrill  escapo  from  the  solution,  until  tlio 
equilibrium  between  Uie  gas  dissolved  and  the  pressure  of  gas  in 
tfae  U'-U  ia  again  restored.  It  is  evident  thai  the  vbolc  gas  can- 
Dot  be  removed  from  a  Eolution  by  the  air-pump,  since  wo  can 
neror  remove  the  wliole  of  the  gas  from  the  surface  of  tlie  liquid, 
aod  caunol  therefore  entirely  remove  tlio  pressure  which  the  gas 
escaping  from  the  solution  exerts.  This  object,  however,  can 
be  readily  atuixied  by  placing  at  the  side  of  tlie  glass  holding  tho 
solution  another  glo^s,  containing  somo  chemical  reagent  which 
bos  the  power  of  absorbing  tho  gas.  Thus,  if  we  place  under 
the  same  bell  containing  a  solution  of  carbonic  acid  a  concen- 
trated solution  of  caustic  potash,  this  reagent  will  keep  the  bell 
free  from  carbonic  acid,  aud  reduce  the  pressure  it  exerts  to 
nothing,  so  that  the  gas  will  continue  to  escape  from  the  solution 
until  the  whole  is  removed.  If  at  the  same  time  we  exhaust  tho 
air  witli  tlie  pump,  wo  sliall  greatly  hasten  the  process,  although 
tfae  final  result  is  not  aSitctcd  by  the  presence  of  the  air,  or  any 

fr  chemically  inactive  gas. 
le  amount  of  carbonic  acid  present  in  the  atmosphere  is  so 
I,  that  it  exerts  uo  appreciable  pressure  ;  so  that,  if  a  solu- 
of  tliis  gas  ia  exposed  to  the  atmosphere,  the  whole  of  the  gas 
diould  according  to  the  law  escape.  This  we  Sud  to  be  the  case, 
although,  on  account  of  tlie  slow  diffusion  of  carbonic  a^id  into 
jir,  it  requires  a  long  time  before  the  whole  has  disappeared. 
Hke  tame  must,  of  course,  also  be  true  of  solutions  of  all  gases 
Hph  tfae  exception  of  titosc  composing  the  atmosphere. 
Bi^*rbe  most  available  means  of  driving  out  a  gas  from  a  solution 
Is  boiling.  The  high  temperature  diminishes  the  coefficient  of 
absorption,  and  moreover  the  escaping  vapor  carries  away  with 
^  the  gas  from  the  surface  of  the  liquid,  so  Uiat  the  pressure 
BUcb  the  gas  exerts  on  this  surface  is  constantly  diminishing, 
^■1  with  it  also  the  amount  of  the  gae  which  the  liquid  con  hold 
^Lialiition.  On  this  same  principle,  protoxide  of  nitrogen  can 
^m  entirely  removed  &om  water  by  passing  through  it  a  current 

^Btbcre  are  a  few  gases,  such  as  chlorohydric  acid,  which  have 
^B  vtrcmg  on  affinity  for  water  tliat  they  camiot  be  removed  by 
^Hing,  since,  after  the  solution  is  reduced  to  a  certain  degree 
■  34 
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of  concentration,  tho  liquid  and  gas  eyaporate  together  is  a 

whole. 

(207.)  As  a  general  rule,  the  solubility  of  a  gas  is  diminiiiei 
by  the  presence  of  other  substances  in  the  solution.  Thus,  for 
example,  water  containing  sulphuric  acid  or  any  salt  will  absorb, 
in  most  cases,  less  gas  than  when  pure.  As  a  necessary  conse- 
quence, the  gas  which  water  holds  in  solution  can  in  great  meas- 
ure be  driven  out  by  the  addition  of  oil  of  vitriol,  or  by  dissolviog 
in  it  some  salt.  So  also  melted  silver,  which  absorbs  from  the 
atmosphere  a  large  volume  of  oxygen,  disengages  with  efiTcrves- 
cence  the  whole  of  tho  dissolved  gas,  on  the  addition  of  an  equal 
weight  of  melted  gold. 

Whenever,  on  the  other  hand,  as  is  sometimes  the  case,  the 
solubility  of  a  gas  is  increased  by  the  presence  of  salts  or  other 
substances  in  solution,  this  exception  to  the  general  rule  is  appa^ 
ently  caused  by  the  chemical  affinity  of  the  dissolved  substance. 
The  presence  of  phosphate  of  soda  increases  greatly  the  solubilitjr 
of  carbonic  acid,  and  the  presence  of  sulphate  of  cof^r  and  sul- 
phate of  protoxide  of  iron,  the  solubility  of  oxide  of  carbon  and 
deutoxide  of  nitrogen,  respectively.  It  is  true  that  in  all  these 
cases  the  gas  can  be  driven  out  of  the  solution  by  boiling,  but 
nevertheless  it  is  probable  that  unstable  compounds  are  in  each 
case  formed ;  and  this  opinion  is  substantiated  in  the  last  case  by 
the  very  remarkable  change  of  color  which  the  solution  of  green 
vitriol  undergoes  by  absorbing  deutoxide  of  nitrogen  gas. 

The  principles  of  this  section,  it  should  be  noticed,  apply  only 
to  solid  and  liquid  bodies,  since  the  coefficient  of  absorption  of 
one  gas  is  not  apparently  influenced  by  the  presence  in  the  solu- 
tion of  another  gas  on  which  it  is  chemically  inactive.  This  last 
principle  will  be  considered  in  detail  in  section  (209). 

(208.)  Determination  of  the  Coefficient  of  Absorption. — As  has 
been  already  stated,  the  coefficient  of  absorption  is  the  volume  of 
gas  (measured  in  cubic  centimetres  at  0°  and  76  c.  m.)  absorbed 
by  one  cubic  centimetre  of  liquid.  Since  tliis  coefficient  varies  with 
the  temperature,  it  must  be  determined  for  each  temperature,  or 
we  may  determine  it  with  accuracy  for  several  temperatures  at 
suitable  intervals,  and  then  from  these  results  deduce  an  interpo- 
lation formula  by  which  we  may  calculate  the  coefficient  for  all 
intermediate  temperatures,  and  prepare  tables  like  Table  YIL 
of  the  Appendix.    It  is  only  then  necessary  to  inquire  how  the 
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cocfncictit  is  dotermiiied  for  oiiy  given  temperature,  I.    There  are, 
iu  pcnorul.  two  methods  which  arc  used  for  this  piir[)ose. 

First  Method.  —  The  first  method  consists  iu  passing  a  current 
bo  gas  through  the  liquid  tinder  experiment,  until  the  last  is 


rv-su. 

then,  having  carefully  observed  tho  temperature  of 
r  solution,  transferring  with  proper  precautions  a  meaimred 
e  to  II  glass  beaker,  and  determining  the  weight  of  the  dis- 
I  gaa  by  some  process  of  chemical  analysis.  This  method 
I  be  better  understood  if  illustrated  by  an  example,  and  we 
9  select  for  the  purpose  the  determinatioa  of  the  coeSicient  of 
torptioD  of  sulphide  of  hydrogen  in  alcohol,  which  was  made 
On.  Scbonfeld  and  Carius,  with  the  apparatus  represented  in 


)  fl&sk  an  is  closed  by  a  tight  cork,  through  which  four 
B  have  beeu  bored.    Through  the  first  of  these  passes  a  ther- 
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mometer,  b ;  through  the  second,  the  tube,  c,  conductmg  fhe  gy ; 
through  the  third,  a  short  tube,  dy  serving  as  a  Tent  to  the  gas, 
and  ending  in  a  small  india-rubber  tube,  which  can 'be  easily 
closed  by  a  glass  rod ;  lastly,  through  the  fourth  hole  passes  a 
siphon  tube,  e.  These  tubes  exactly  fit  the  holes  in  the  cork,  so 
that  if  the  tube  d  is  closed  while  the  current  of  gas  is  flowing 
into  the  flask  through  the  tube  c,  the  solution  will  be  forced  oat 
through  this  siphon  tube,  e. 

In  making  the  determination,  the  sulphide  of  hydrogen  was 
generated  from  sulphide  of  iron  and  dilute  sulphuric  acid,  and, 
having  been  washed  with  water,  was  passed  through  alcohol  in 
the  flask,  which  had  been  previously  boiled  in  order  to  expel  all 
the  air  it  contained  in  solution.     The  alcohol  in  the  mean  time 
was  kept  at  a  constant  temperature  by  placing  the  flask  in  a  wa- 
ter-bath, and  this  temperature,  which  was  carefully  observed  hj 
the  thermometer  6,  we  will  call  r.    The  tube  d  was  also  left 
open,  so  that  the  sulphide  of  hydrogen  gas,  which  filled  the  upper 
part  of  the  flask,  exerted  the  same  pressure  on  the  surface  of  the 
alcohol  as  that  indicated  by  the  barometer  at  the  time  of  the 
experiment.     We  will  represent  this  by  H,    At  the  end  of  two 
hours,  when  it  was  assumed  that  the  liqidd  was  saturated  with 
the  gas,  the  india-rubber  connector  at  d  was  closed  by  a  glass 
rod,  and  the  solution,  as  it  was  forced  out  through  the  siphon  f, 
collected  in  a  measuring-glass.     The  tube  e  wsls  so  adjusted  as 
to  reach  to  the  bottom  of  the  measuring-glass,  and  after  the  glass 
was  full,  the  solution  was  permitted  to  overflow  the  mouth  for 
some  time,  and  until  the  upper  layers  of  the  liquid,  which  had 
been  exposed  to  the  air,  and  consequently  lost  a  portion  of  their 
gas,  had  been  replaced   by  the  saturated  solution  rising  from 
below.     The  glass  was  then  quickly  closed  by  its  stopper,  and  its 
contents  immediately  after  transferred  to  a  beaker  containing  a 
solution  of  chloride  of  copper.     The  volume  of  the  solution  used 
was,  of  course,  the  same  as  that  of  the  measuring-glass,  and  we 
will  represent  it  by  F.     Lastly,  the  sulphur  of  the  precipitated 
sulphide  of  copper  was  converted  into  sulphuric  acid  by  nitric 
acid,  and  weighed  in  the  usual  way  as  sulphate  of  baryta.    From 
the  weight  of  sulphate  of  baryta  the  weight  of  sulphide  of  hydro- 
gen contained  in  the  solution  was  easily  calculated.    Represent 
this  weight  by  Wj  and  the  known  weight  of  one  cubic  centimetre 
of  sulphide  of  hydrogen  gas  at  0^  and  76  c.  m*  by  tr  (Table  IL)i 
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ud  we  have  all  the  data  for  calculating  the  coefficient  of  absorp- 
tion at  the  temperature  of  the  experiment. 

V  -■  Tolume  of  solution  saturated  with  II  S  atf  and  ff  cm, 
W -■  weight  of  H  S  in  ditto,  at  f  and  £[  cm. 

Then  by  [132], 

W-.r-  =  weight  of  II  S  in  ditto  at  f  and  7G  cm. 

Dividing  by  Wy  wo  get 

TIT"    7r 

—  ,  ^=  volume  of  11  S  (measured  at  0^  and  7G  cm.)  dissolved  at 

f  and  76  c  m. 

It  was  assumed  in  this  determination  that  the  volume  of  alcohol 
onderwent  no  change  by  absorbing  sulphide  of  hydrogen,  so  that 
V  represents  not  only  the  volume  of  the  solution,  but  also  the 
volume  of  the  alcohol  it  contained.  Hence,  F  cubic  centime- 
tres of  alcohol  at  t^  dissolve  —  .  -^  cubic  centimetres  of  sulphide 

of  hydrogen,  measured  at  0®  and  76  c.  m.     Consequently,  the 
coefficient  of  absorption,  or 


[133.] 


As  is  evident,  this  formula  is  not  only  applicable  to  the  particu- 
lar case  under  consideration,  but  may  also  be  used  in  all  similar 
cases,  in  which  the  volume  of  the  liquid  is  not  sensibly  altered 
fay  dissolving  a  gas. 

If,  however,  we  seek  to  determine  the  solubility  of  sulphurous 
acid  gas  in  alcohol  by  the  same  method,  it  will  be  found  that  the 
assumption  made  in  the  last  example  is  no  longer  correct,  and 
that  it  is  essential  to  pay  regard  to  the  change  of  volume.  As 
for  the  rest,  the  determination  may  be  conducted  in  precisely 
the  same  mamier,  only  tlio  weight,  IF,  of  sulphurous  acid  gas 
contained  in  a  measured  volume,  F,  of  the  solution,  must  be  de- 
termined by  some  special  method  of  chemical  analysis.  As  we 
cannot  conveniently  measure  the  volume  of  alcohol  before  the  ab- 
sorption corresponding  to  the  measured  volume,  F,  of  the  solution, 
we  determine  carefully  tlie  specific  gravity  of  the  alcohol  and 
of  the  solution,  and  thus  obtain  all  tlie  data  for  our  calculation. 

84* 
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V  -"  Tolume  of  alcohol  saturated  with  S  Ob  at  1^  and  Hcwl 

(Sp.  Gr.)         -a  specific  gravity  of  ditta 

V.  {Sp.  Gr.)  =  weight  of  ditto.     See  [56]. 

W  —=  weight  of  S  Oj  dissolved  at  <*  and  Ifc  m.  in  VZm?  d 

solution. 
V .  (Sp.  Gr,)  —  W=^  weight  of  alcohol  in  FcTml'  of  solution. 
(Sp.  Gr.y        =■  specific  gravity  of  alcohol  before  absorption. 

Hence  by  [56], 

— '—\  f—^-l-, =  volume  of  alcohol  in  Kcm.'  of  saturated  solution. 

(op.  Gr.y 

w  BB  weight  of  one  cubic  centimetre  of  S  0$  gas  measured  at  0" 

and  76  c  m. 

W 

—  >B  volume  of  S  0'  (measured  at  0®  and  76  c  m.)  dissolved  in 

V  c.m'  of  solution  at  f  and  If  cm. 

—  •  Tr  ■*  volume  of  ditto  dissolved  in  FcTm.'  of  solution  at  f  and  76  cm, 

Honce  — ^ /^'  Gr\^ —  ^^'  ^^  alcoliol  dissolye,  at  C  and  76 
c.  m.,    —  •  -j^  c.  m.'  of  b  Oa  gas. 

Whence 

IT     76^         (Sp.Gr.y        ^  ..^. 

""-wH    v7(Sp:GV.y^  lI^'J 

This  formula  may  bo  used  in  all  similar  determinations  of  the 
coefficient  of  absorption,  where  the  volume  of  the  liquid  is  sensibly 
changed  by  the  absorption  of  the  gas.     When  there  is  no  change 

of  volume,  F=:  ~~~^/ e— ^y- — >  which,  substituted  in  [134], 

reduces  it  to  [133]. 

The  method  of  determining  tlie  coefficient  of  absorption  just 
described  is  the  best  whenever  the  gas  dissolves  in  large  quanti- 
ties in  the  liquid,  and  when  it  is  of  such  a  nature  that  the 
amount  in  solution  can  be  readily  determined  by  the  methods  of 
chemical  analysis.  In  the  practical  application  of  tliis  method, 
peculiar  precautions  are  required  in  each  special  case.  For  a 
description  of  these,  we  must  refer  the  student  to  the  work  of 
Professor  Bunsen,  already  noticed. 

Second  Method.  —  The  second  method  of  determining  the  co- 
efficient of  absorption  consists  in  shaking  up  in  a  graduated  glass 
tube  a  measured  volume  of  gas  with  a  measured  volume  of 
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jid  carcfiilly  ol>Gcrving  tlio  volume  of  gas  absorbed.  A 
»gunt  ajipiimliis  fur  this  purpoxe,  called  an  absorptiou- 
■  deticrilicd  uid  figured  by  Bunecn  iii  his  work  on  Gasom- 
id  a  diagram  illuGtrating  its  principlu  is  giveu  iioro  iii  Fig, 
riio  gas  is  collectod  iti  llie  gradu- 
Ks  ttibo  a  a  over  a  raorcury  pnciw 
iroiigh,  and  its  volume  cai-ufully 
ncd.  We  will  call  lliis  roliimo 
id  for  temperature,  V,.  At  tho 
me,  wo  observe  the  bciglit  of  llio 
lUr,  aud  the  height  of  the  surface 
bicrciiiy  in  the  tube  above  the 
of  the  mercury  iii  the  pneumatic 
Tho  difference  of  these  heigbta 
I  a  quantity,  U,  which  is  tlic  pres- 

which   the   gaa  confined   iu   the 

exposed  (169).  Kest,  a  volume 
i  Erom  which  all  the  air  has  bccu 
I  by  boiling  is  passed  up  iuto  the 
ill   standing    over    the    mercuiy 

Tlu3  vulume  is  also  carefully  observed,  and  we  will 
It  it  by  V.  The  tube  is  now  closed  by  screwing  on 
run  ring  c  c  (which  is  cemeuted  to  tho  tube  a  short  dis- 
om  ila  moutli)  tlio  iron  cap  bbdd.     The  surface  dd  ia 

with  a  piece  of  sheet  india-rubber,  which  Is  pressed  by 
w  agiunst  the  mouth  of  tlie  tube,  and  hermetically  closes 
\  tube  (filled  with  mcrciu-y,  gas,  and  the  liquid)  is  now 
rod  to  the  gloss  cylinder  gg.  Tliis  cylinder  is  cemented 
a  h,  aud  a  rectangular  projection/,  at  the  bottom  of  iho 
t,  exactly  fits  a  corres|>onding  hole  in  the  upper  surtace 
use.  The  cylinder  may  be  closed  by  an  iron  lid,  which 
1  a  hinge  i,  and  which  may  lie  fastened  by  tho  thum1> 
,  To  tho  under  surface  of  tho  cover  a  piece  of  india- 
n,  is  cemented,  which,  when  tho  cover  ia  clctsed,  presses 
the  top  of  the  glass  tube  and  keeps  it  In  place.  The 
id  lube  having  been  introduced  and  adjusted,  mercury  is 
ato  the  cylinder  until  it  covers  the  bottom  to  the  depth  of 
entimctros,  and  the  rest  of  the  cylinder  is  then  filled  with 
The  cover  is  now  closed  and  fastened,  and  tlie  whole 

I  violently  shaken  ia  order  to  facilitate  tlie  solutioaj 
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the  gas.  The  lid  is  next  opened,  and  hj  turning  the  tube  the 
cap  is  unscrewed,  and  the  mouth  of  the  tube  opened  under  the 
mercury,  which  rises  to  take  the  place  of  the  gas  which  has  been 
absorbed.  By  turning  the  tube  in  the  reverse  direction  the 
mouth  is  now  closed,  and,  the  cover  having  been  shut  down  and 
fastened,  the  apparatus  is  again  shaken ;  and  this  process  ii 
repeated  until  no  further  absorption  of  gas  is  perceptible.  When 
the  absorption  is  completed,  the  volume  of  gas  remaining  in  the 
tube  is  carefully  observed.  This  volimie  corrected  for  tempen- 
ture  we  will  call  F'o.  Tlie  pressure  IT',  to  which  the  gas  ii 
exposed,  can  now  be  calculated  from  the  height  of  the  barometer, 
the  difference  of  level  of  the  mercury  in  the  tube  and  in  the  cyl- 
wider,  and,  lastly,  the  heights  of  the  columns  of  water  in  the  two 
vessels.  These  quantities  having  been  carefully  observed,  we 
commence  the  calculation  by  finding  from  Table  XIX.  the  equir- 
alents  of  the  two  water  columns  in  centimetres  of  mercury. 
Representing  these  values  by  h'  and  A",  the  difference  of  level 
of  the  mercury  by  A,  and  the  height  of  the  barometer  by  fl",  we 
have  for  the  value  of  the  pressure  H*  =  H —  A  -}-  (A'  — A'O* 
A  thermometer  placed  within  the  cylinder  gives  the  temperature 
of  the  water,  and  hence  the  temperature  at  which  the  coefficient 
is  determined.  We  have  now  determined  all  the  data  required 
for  calculating  the  coefficient. 

To         =  volume  of  gas  before  absorption,  at  O*'  and  pressure  //cm. 

"  «  «  70  cm. 

«  «  «  //cm. 

«  "  "  76  cm. 

T^  ;:rT  —  ^V  i.^  «a  reduced  volume  of  gas  absorbed  under  the  pressure  J. 

By  [18-2], 

T"  IT 

—Y^ TV  =  reduced  volume  of  gas  absorbed  under  the  pressure  76 

c  m.  by  Fc.ln.'  of  liquid. 

In  making  determinations  of  the  coefficient  of  absorption  by 
this  method,  it  is  necessary  to  correct  the  measured  tensioDB  of 
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gas  both  for  temperature  and  for  the  tension  of  Tftpor,  and  to 
reduce  the  measured  columns  of  mercury  to  0°  C,  The  metliod 
by  which  these  reductions  are  made  will  be  explained  in  the  next 
chapter,  and  examples  illustrating  tlie  whole  subject  will  bo 
foiind  in  Bunsen's  work  on  Gasometry,  already  noticed,  to  which 
we  must  refer  for  further  details. 

(209.)  Partial  Pressure. —  If  we  couceive  of  tliree  masses  of 
different  gases,  occupying  the  Tohimes  v„  v,,  v,,  and  each  exerting 
a  pressure  measured  by  H,  and  then  suppose  that  the  diaphragms 
which  separate  them  are  removed,  the  three  gases  will  mix  per- 
fectly together,  as  is  well  known,  until  each  ia  equally  diffused 
through  the  whole  space  V,  which  equals  fi  +  w,  -|-  w, ,  and 
the  mixture  will  then  exert  the  same  pressure  as  that  exerted  by 
each  gas  separately,  or  II.  It  is  evident,  then,  from  llariotte'a 
law  (103),  that  each  gas  of  this  mixture  must  exert,  by  itself, 
a  pressure  which  bears  the  same  relation  to  the  whole  pressure 
that  the  original  vohmie  of  this  gas  bears  to  its  expanded  vol- 
umes. It  is  easy,  then,  to  calculate  that  the  pressures  exerted  by 
the  three  gases  of  the  mixture  are  respectively 


--,—  S, 


H,   and 


-H.    [136.] 


These  pressures  are  called  partial  pressures,  in  distinction  from 
the  total  pressure,  which  is  equal  to  tlio  sum  vi  these  partial 
pressures,  or 


;^+t^ 


■^+1 


H.    [137.] 


If  now  a  volume  of  liquid,  which  we  will  represent  by  P^ ,  is 

reed  to  tliis  gaseous  mixture,  it  will  absorb  of  each  gaa  a 

jitity  which   is  exactly  proportional  to  the  partial  pressure 

vliich  this  gas  exerts.     In  other  words,  the  law  of  (206)  holds 

lirue  in  regard  to  each  gas,  and  the  solubility  of  one  gas  is  not 

fiuenced  by  tho  presence  of  the  rest. 

Representing  then  by  c, ,  c,,  and  c,  the  coefficients  of  absorp- 
[on  of  the  three  gases  respectively,  and  assuming  that  the  total 
Dlume  of  the  mixture  is  so  large,  or  so  frequently  renewed,  that 
Bie  partial  pressures  are  not  altered  by  the  absorption,  we  can 
easily  calculate  that  the  absolute  volume  of  each  gas  in  cubic 
centimetres  absorbed  by  the  given  volume,  I^,  of  the  liquid, 
yiU  be,  respectively, 
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r  V  *''  K  p  V         ^  K 

'^'  •^>  »,^_t.,-f  »,  -76'         ■''^'  r,+r,+r,  *  76' 

Jld  r,  ^  [138.] 

'^^     '  «'.  +  «'.  + 1.,  •  76-  \ 

The  sum  of  these  quantities,  or  the  total  volume  of  mixed  gases 
absorbed,  is 

^.  ;:+^H=^  •  ^  C*^' »''  +  '^^ »«  +  '^^  »»)•        [139.] 

Dividing  each  of  the  quantities  [138]  by  this  sum,  we  shall  ob- 
tain the  composition  of  the  absorbed  gas,  or,  in  other  words,  the 
amount  of  each  gas  composing  one  volume  of  the  mixed  gases 
dissolved.     These  are 


C|  ri  -f  Ca  ra  +  c,  Vj 

If  there  were  but  two  gases,  the  values  Vs ,  1*3 ,  and  c»  must  evi- 
dently be  cancelled  in  all  the  above  equations  ;  and,  on  the  other 
hand,  the  formulae  may  readily  be  extended  to  any  number  of 
gases  by  introducing  additional  terms. 

The  solution  of  atmospheric  air  in  water  furnishes  a  good  illus- 
tration of  the  principles  of  this  section.  Let  it  be  required  to 
determine  the  absolute  volumes  of  oxygen  and  nitrogen  absorbed 
by  Vi  volume  of  water  at  the  temperature  of  15**.  The  air  is  a 
mixture  of  oxygen  and  nitrogen,  exerting  on  the  water  a  variable 
pressure,  which  we  will  assume,  at  the  time  of  the  determination, 
is  76  c.  m. ;  and  its  mean  composition  in  volume  is 

Oxygen, 0.2096 

Nitrogen, 0.7904         [141.] 

1.0000 

The  coefficients  of  absorption  at  15**  are,  by  Table  VII.,  of 
oxygen  0.02989,  and  of  nitrogen  0.01478.  The  absolute  vol- 
umes of  the  two  gases  absorbed  by  V^  volume  of  water  are,  then, 
of  oxygen,  ' 

0.02989  Fi  X  0.2096  =  0.006265  V,  ; 

and  of  nitrogen, 

0.01478  r,  X  0.7904  =  0.011682  F,. 

The  composition  of  the  dissolved  gas  in  one  volume  is,  theoy 
by  [140], 
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Oxygen, 0.3491 

Nitrogen, 0.6^)09         [142.] 

1.0000 

We  can  also,  evidently,  reverse  the  above  calculation,  and  from 
the  composition  of  the  dissolved  gas  calculate  the  composition  of 
the  gaseous  mixture  to  which  the  liquid  has  been  exposed.  Rep- 
resenting the  denominators  of  the  fmctious  [140]  by  Ay  we 
easily  obtain  the  values, 

r,  =  -'^,         v,  =  '^A,       and         v,  =  ^Ay       [143.] 

which  are  the  volumes  of  the  respective  gases  composing  Fcm.' 
of  the  mixture.  Dividing  each  of  these  quantities  by  the  sum 
of  the  whole,  we  obtain  the  composition  of  one  volume  of  the 
mixture.* 

til  ut 

CI  ca 

IT,  = >  W,    — 


ci       cs       C8  ci       a       a 


and  «>  [144.] 

C3 

Iff  2     ^""      • 

Ul      ,     Ui       .     U3 

—  -r 1 

Cl  C3  C3 

From  the  composition  of  the  mixture  of  oxygen  and  nitrogen 
dissolved  in  rain-water,  we  can  easily  calculate,  by  these  formulas, 
the  composition  of  the  air.  Evidently,  when  there  are  only  two 
gases,  the  third  value,  tr,,  and  the  last  term  of  the  denominators 
of  tr,  and  w^  are  cancelled. 

All  the  above  formulaj  are  based  upon  the  supposition,  that  the 
volume  of  the  gaseous  mixture  is  so  large  that  the  partial  pres- 
sures of  its  constituent  gases  are  not  essentially  changed  by 
the  absorption.  This  is  true  in  regard  to  the  atmosphere,  as 
already  stated;  but  when  we  experiment  upon  a  very  limited 
volume  of  a  gaseous  mixture,  as  in  the  absorption-tube  of  appa- 
ratus (Fig.  335),  such  an  assumption  is  far  from  being  correct, 
and  we  must  then  pay  regard  to  the  change  of  composition  and 
of  pressure  in  the  gaseous  mixture.  In  order  to  make  the  case 
as  simple  as  possible,  let  us  take  a  mixture  of  only  two  gases,  and 
consider  the  changes  it  will  undergo  by  absorption  if  in  contact 

*  It  will  afford  the  ntudcnt  assigtancc,  in  fotlowinf;  out  the  course  of  reasoning  in  this 
pection,  to  rememher  that,  in  the  notation  adopted,  pi  +  na  +  n  «=  Fe.  m.'  of  the  mixed 
gases  before  solution,  tii  +  tts  +  ua  =  1  cm.'  of  the  mixed  gases  in  solntionf 
VI  +  if^  +  H^  =  1  r.m.'  of  the  mixed  gases  before  solution. 
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with  a  Yolame  of  liquid,  adopting  for  the  purpose  the  following 
notation,  and  assuming  that  the  volumes  of  all  the  gases  entering 
into  the  calculation  are  measured  at  0^. 

V  =  volume  of  mixed  gases  before  absorption,  measured  at  pres- 

sure If. 

V  =  volume  of  mixed  gases  after  absoq)tion,  measured  at  pressure  i^^ 
Vi      =  volume  of  absorbing  liquid. 

t^i,  tTg  =  volumes  respectively  of  the  two  gases  in  the  unit  volume  of  the 
mixed  gases  before  absorption,  so  that  ri  -|-  rs  =  1  c^.'* 

tfi,  u,  =  volumes  respectively  of  the  two  gases  in  the  unit  volume  of  the 
mixed  gases  remaining  unabsorbed,  so  that  ti|  -|-  u,  =  1  cTm.'* 

Ciy  <?s  =  coefficients  of  absorption  of  the  two  gases  respectively. 

It  is  now  evident  that  the  volume  V  of  the  mixed  gases  con- 
tains Vi  FcTm".^  of  the  first  gas  measured  under  the  pressure  fl. 
Under  a  pressure  of  76  c  m.   this  same  volume  would  measure, 

by    [98] ,   Vi  V  f^    cTml'    By  the  absorption,  this  quantity  of  gas 

is  divided  into  two  parts :  first,  a  quantity ^  x^ ,  which  remains  on- 
dissolved  ;  second,  a  quantity,  x, ,  which  dissolves  iu  the  liquid ; 

80  that  we  have  Xi  -}-  ^  =  ^'i  ^  ^^  •     The  value  of  x^  may  now 

readily  be  determined  by  the  laws  of  absorption,  since  we  know 
the  coefficient  of  absorption  Ci,  and  can  easily  calculate  the  par- 
tial pressure  which  the  gas  exerts  on  the  liquid  after  the  absorp- 
tion.    The  quantity  x^^  of  gas,  if  measured  at  the  pressure  H'^ 

'7  C 

would  equal  Xi  -„, ;  and  since  the  whole  volume  of  mixed  gases 
remaining  unabsorbed,  or  F',  exerts  a  pressure  H' ,  the  partial 

pressure  of  the  portion  of  this  volume  Xi  ^,  must  be  -|~  76. 
At  the  pressure  of  76  c.  m.,  we  know  that  Vy  c^m.'  of  liquid  ab- 
sorbs  Ci  Vx  c.~m.'   of   the   gas.      Hence,  under   the   pressure  of 

~  76  c.  m.,  the  same  volume  of  liquid  will  absorb  —-yj-^  cIK' 

of  gas.  This  is  the  value  of  x^ ;  and  substituting  it  above, 
we  obtain 

^i  +       y-  =  l^  ^  70  ,      or      x»  =   — -! — — .     [14o.] 

76(l  +  ^y^) 

By  a  similar  course  of  reasoning,  we  should  obtain,  for  the  vol- 
ume of  the  second  gas  remaining  unabsorbed,  the  value 


XHB  THREE  STATES  OF  MATTES.  409 

VtVH 


»i  = 


76(i+^y 


If,  for  the  sake  of  abbreyiation,  wo  put  Ai  =  Vi  V  H  and  A^  = 

T,  VH,  also  5i  =  (l  +  ""ij^)  and  5.  =  (l  +  -'^.J/) ,  wc  shall 

A  A 

Iiave  Xi  =  „    '     and  yi  =  ^    ',^  and  from  these  wo  can  easily 

calculate  the  composition  of  the  unit  of  volume  of  the  unab» 
Borbed  gas,  which  we  shall  find  to  be 

Xx Ax  3% 

""' ~  iT+y^  ~  Ay  B^^A~B, > 
and  .   o  [146.] 

(210.)  Analysis  of  a  Mixture  of  two  Gases  by  the  Absorption 
Meter.  —  It  is  evident,  from  the  computations  of  the  last  section, 
that  we  can  even  determine  the  unknown  composition  of  a  gase- 
ous mixture  from  the  change  of  volume  it  undergoes  by  absorp- 
tion in  a  known  volume  of  liquid.  This  leads  us  to  a  method  of 
gas  analysis,  which,  under  certain  circumstances,  admits  of  great 
accuracy,  and  enables  us  to  solve  problems  which  cannot  be  re- 
solved by  the  ordinary  methods  of  chemical  investigation.  Let 
Ufl  suppose,  then,  that  we  have  given  the  following  data,  all 
reduced  to  0®  C,  as  before. 

V     =  the  original  volume  of  the  ga<«eous  mixture,  meosurc^d  under  the 

pressure  IL 
V*    =  the  volume  of  the  mixture  uftor  ubsoqition,  meiMured  uiiiJit  the 

pressure  //'. 
Vi     =  the  volume  of  absorbing  liquid. 

f„  e^  ==  the  coefficients  of  abaorption  of  the   two   gfiHert   roinjiii-iii^r   the 

mixture. 

It  is  required,  from  these  data,  to  determine  the  r(!lutivc  pro- 
portions of  the  two  gases  in  the  original  mixture.  Let  iih  repre- 
sent, then,  by  the  unknown  quantities  x  and  ;/  the  vohnnes  of 
the  two  constituent  gases  measured  undor  the  prrjhHure  1  ;  by  x' 
and  y',  the  volumes  of  these  ga»f;s  aft<jr  al>w>rption  ni«!anired 
under  the  same  pressure. 

It  follows  directly  from  the  law  of  Mariotto,  U  umo 

^j  if  measured  under  the  pressure  //',  would  In 

85 
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this  volume,  after  the  absorption,  is  expanded  through  the  whole 
volume  F',  it  is  evident  that  the  partial  pressure  it  then  exerts  on 

the  absorbing  liquid  is  as  much  less  than  H'  as  w,  is  less  than 

F',  and  must  therefore  be  equal  to  -p,.      The  volume  of  the 

first  gas  which  would  be  absorbed  by  Fg  c.  m.'  of  liquid  under 
the  pressure  of  76  c.  m.  and  at  0°  (when  measured  at  0^  aud 
76  c.  m.)  is  CiFj.     As  after  the  absorption  the  pressure  exerted 

by  the  first  gas  on  the  liquid  is  -p.- ,  the  volume  which  is  acta- 

ally   absorbed  (measured   at  0**   and   76  c.  m.)  is,  by  [132], 

-~-0- .     If  this  volume  is  measured  under  the  pressure  1  c.  m., 

it  will  become  c,  FJ  ^.     Hence  we  have 

Cx  Vi  jir^  =  the  volume  ofjirst  gas  absorbed  measured  under  the  pressun  L 

Hence,  also, 

V^  y) 

From  this  value  of  x'  we  can  easily  calculate  the  partial  pres- 
sure which  the  unabsorbed  portion  of  the  first  gas  exerts  ou  Uie 
absorbing  liquid.  If  measured  under  the  pressure  11%  the  toI- 
ume  [147]  becomes 

and  the  partial  pressure  it  exerts  is  as  much  less  than  H'  as 
this  volume  is  less  than  V'.     A  simple  proportion  gives  us,  for 

the  value  of  this  pressure,  yrT — y  •  ^'^  ^^^^  manner,  by  a 
precisely  similar  course  of  reasoning,  we  shall  obtain,  for  the  par- 
tial pressure  exerted  by  the  unabsorbed  portion  of  the  second  ga^j 

-^^-j^ — pr .     Now,  since  it  is  these  two  pressures  which  make  up 
the  observed  total  pressure  H\  we  have 

Returning  now  to  the  condition  of  the  gas  before  absorption, 
it  is  evident  that  the  volume  of  the  first  gas,  which  measures  « 


//' 
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under  the  pressure  1,  would  measure  -g.  under  the  pressure  H. 
Hence  the  partial  pressure  which  this  gas  exerted  before  tlie 
absorption  was  as  much  less  than  H  as  the  volume  jr  is  less  than 
Vj  and  must  therefore  have  been  p .  In  like  manner,  we  find 
that  the  partial  pressure  exerted  by  the  second  gas  was  -y- ;  so 
that  we  also  have 

It  will  bo  noticed  that  equation  [149]  may  bo  derived  directly 
from  [148],  by  making  c,  and  c,  cqnal  to  zero,  which  would  bo 
the  case  where  there  was  no  absorption.  These  equations  may 
also  be  written  in  the  forms 

^  —  (./  +  c,  V,)  JI'  ^  (F'  +  c,  F,)/r" 

1  _    ^     f     y 

^  —  F77  +  VJI' 
If  for  the  sake  of  abbreviation  wc  put 

W=  VIT, 

A  ={V'-\-c,  J\)  h; 

B  =  {V'-\-c,  V,)  IP, 
the  equations  become 


i=T  +  S'     -<i     i  =  r+J 


w 


By  combining  the  two,  we  easily  obtain 

X   _   W—B     A_ 
y   ~  A—  r  •  B' 

or,  calculating  the  percentage  composition, 


[150.] 


I  W—B      A  ,  y  A—W     B  ri«T 

JT9  =  A^£  --W^    '^"'^    7-fi  =  A^-B-W'      [^^^1 

As  an  example  of  this  method  of  analysis,  we  will  take  the 
data  obtained  in  an  experiment  with  th^  i^hoorption-metor  on  a 
adxtore  of  carbonic  acid  gas  and  1  ^  by  Bonsen. 
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VolaiM.  PMMora.  Tmp.      ToloMilt^ 

CcIB.  o 


Gas  before  absorption,  180.94        53.68         15.4        171i9 

Gas  afler  absorption,  122.01         68.09  5.5        119.61 

Volume  of  water,        ....         856.7 


u  u 


356.1 


Mean, 356.4 

Hence  we  obtain 

JT  =z       53.6800,  V  =    171.290, 

J£'=        68.0900,  V'=z    119.610, 

Ci   ==          1.4199,  r,  =    356.400, 

cj  =          0.0193,  W  =  9194.847, 

A  =42591.3250,  B   =8612.568. 

And  by  substituting  these  values  in  [151],  wo  get  the  following 
percentage  composition :  — 

By  Abffnptkm.       By  EadioiMtac 

Hydrogen, 0.9206  0.9246 

Carbonic  Acid,  ....         0.0794  0.0754 

i.OOOO  1.0000 

And  it  will  be  noticed  how  closely  these  results  agree  with  those 
obtained  by  chemical  analysis  with  the  eudiometer,  which  are 
given  at  the  side  for  comparison. 

By  substituting  the  numerical  values  in  [146],  it  will  be  found 
that  the  percentage  composition  of  the  gas  remaining  \mab- 
sorbed  is, 

Hydrogen, 0.9829 

Carbonic  acid, 0.0171 

Lobbo 

The  same  method  of  gas  analysis  may  be  extended  to  mixtures 
of  three  or  more  gases  ;  but  when  the  number  of  gases  exceeds 
two,  the  formulae  become  quite  complex,  and  the  results  less 
accurate. 

Gases  on  Gases. 

(211.)  Effusion.  —  It  has  been  found  by  Professor  Graham,* 
that  the  velocities  with  which  different  gases,  when  under  pressure, 
flow  through  a  minute  aperture  in  a  metallic  plate,  are  closely 

*  Philosophical  Tnuisactions,  1846,  p.  574. 
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lated  to  their  epecifie  gravities ;  and  to  those  plionomena  has  been 


I,  tlie  E 


0  name  of  effusion.  In  Ins  espcnmcnta,  i 
nutdo  to  flow  through  an  aperture  ia  a  very  tliin  metallic  plate, 
not  more  than  one  three-huudredth  of  an  inch  iii  diameter,  into 
a  l)ell-g]asa  od  the  plate  of  an  air-puoip,  which  was  kept  vacuous 
hy  continued  exhaustion.  Tlio  velocity  of  the  flow  was  found 
to  increase  witU  tho  degree  of  oxiiaustion,  (that  is,  with  the  pres- 
sure,) until  it  amounted  to  about  one  tliird  of  an  atmosphere ; 
hut  higher  degrees  of  exliaustion  were  not  found  to  produce  a 
corresponding  increase  of  velocity;  and  when  the  vacuum  was 
nearly  perfect,  a  difference  of  ouo  inch  in  the  height  of  the  mer- 
cury column  of  the  pump-gauge  scarcely  affected  the  rate  at 
which  tho  gas  entered  tlie  hell.  Tlirough  an  aperture  in  a  thin 
plate,  such  as  described,  sixty  cubic  inches  of  dry  air  were  found 
to  enter  the  vacuous  or  nearly  vacuous  receiver  in  one  thousand 
tecoiKln,  and  in  Guccessive  experiments  tlie  time  of  passage  did 
uot  vary  more  than  one  or  two  seconds.  The  times  required  for 
equal  volumes  of  different  gases  to  flow  tlirough  this  aperture 
were  fuund  to  be  very  nearly  proportional  to  the  pquare  roots  of 
Uicir  spircific  gravities.  Thus,  tlie  time  required  for  sixty  cubic 
inches  of  oxygen  to  flow  through  the  aperture  was  observed  to  be 
1,051.9, 1,051.9,  1,050.6,  1,050.2  seconds,  in  four  different  ex- 
periments. Tlio  moan  of  these  numbers  is  1,051.1,  which  bears 
■Imoet  precisely  the  same  relation  to  1,000,  the  time  occupied 
by  the  same  rotunie  of  air,  as  1.0515,  the  square  root  of  the  spe- 

^^c  gravity  of  oxygen,  bears  to  1,  tho  square  root  of  the  speciQc 

^feitj  of  air. 

^BEuoq  the  times  occupied  by  equal  volumes  of  different  gases 

Vrflowing  through  a  fine  aperture  ai-o  jtroportional  to  the  square 
roots  of  their  specific  gravities,  it  follows  that  tho  velocity  of 
the  flow  must  ho  invcrseli/  proportional  to  tho  square  roots  of  the 
tpociflc  gravities,  or  dircctli/  proportional  to  the  reciprocals  of 
llie»e  quantities.     Rcpresentiug,  then,  by  T  and  T',  tlie  number 

,  of  eeconds  reqiiired  by  equal  volumes  of  two  gases  in  flowing 

ta  vacuum,  wo  have 
.1 


[152.] 


[>  represenUng  by  U  and  b'  the  velocity  of  tho  flow,  (tliat  is, 
■  volume  of  gas  entering  the  vacuum  in  one  second,)  we  have, 
,co    T:  T  .=  b':tl, 


SS* 
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If  we  assamo  that  the  velocity  of  air  is  luiity,  it  follows  from 
[153],  that  the  velocity  of  any  other  gas,  as  compared  with  air, 
must  be  the  reciprocal  of  the  square  root  of  its  specific  gravity, 
if  the  principle  just  enunciated  is  correct.  That  this  is  really 
the  case  is  shown  by  the  following  table,  taken  from  Millers 
Chemical  Physics.  In  the  last  column  of  this  table,  headed 
"  Rate  of  Effusion,"  the  velocities  of  different  gases  compared 
with  air  as  unity  are  given,  as  deduced  from  the  experiments  o( 
Professor  Graham ;  and  it  will  be  noticed  that  they  very  closely 
coincide  with  the  reciprocals  of  the  square  roots  of  the  specific 
gravities  given  in  the  fourth  column.  The  coincidence  is  almost 
absolute  in  the  case  of  those  gases  whose  specific  gravities  vary 
but  slightly  from  that  of  the  air.  With  very  light  or  very  heavy 
gases  the  deviation  is  much  greater  ;  but  this  can  be  shown 
to  be  occasioned  by  the  tubularity  of  the  aperture,  arising  from 
the  unavoidable  thickness  of  the  metallic  plate. 

Effusion  of  Gases. 


Gkuu 

Sp.  Or. 

f-. 7^ 

1 

VelocItT  of 

BiffUaiOD. 

Rate  of 

1 

^Sp.  Gr. 

.ySp.  Gr. 

Hvdrogcn, 

0.06926 

0.2632 

3.7994 

3.8300 

3.6130 

Marsh  Gas, 

0.55900 

0.7476 

1.3375 

1.3440 

1.3220 

Steam,   .... 

0.62350 

0.7896 

1.2664 

Carbonic  Oxido, 

0.96780 

0.9887 

1.0165 

1.0149 

1.012S 

Nitrogen, 

0.97 1:?0 

0.9856 

1.0147 

1.0143 

1.0164 

Olcfiant  Gas, 

0.97800 

0.9889 

1.0112 

1.0191 

1.0128 

Binoxide  of  Nitrogen,    . 

1.03900 

1.0196 

0.9808 

Oxygen, 

1.10560 

1.0515 

0.9510 

0.9487 

0.9500   i 

Sulphuretted  Hydrogen, 

1.19120 

1.0914 

0.9162 

0.9500 

1 
1 

Protoxide  of  Nitrogen, 

1.52700 

1.2357 

0.8092 

0.8200 

0.8340   ! 

Carbonic  Acid, 

1.52901 

1.2365 

0.8087 

0.8120 

0.8210 

Sulphurous  Acid, 

2.24700 

1.4991 

0.6671 

0.6S00 

1 

(212.)  Application  of  the  Law  of  Effusion.  —  The  law  of  effu- 
sion, which  was  verified  experimentally  by  Graham  in  the  case 
of  gases,  is  true  generally  of  the  flow  of  all  fluids,  under  pres- 
sure, through  an  aperture  in  a  very  thin  plate.  It  has  been 
applied  by  Bunsen*  in  a  process  of  determining  the  specific 


*  Bunsen's  Gasometry,  p.  ISl. 


r 
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: 1 ;  and 

[154.] 


gravity  of  gases,  which  is  exceedingly  simple,  aiid  of  especial  value 
vliore  only  a  Email  quantity  of  tlio  gas  can  be  obtained.  The 
process  consists  in  observing  carefully  the  times  required  by  the 
same  volumes  of  any  given  gas  and  air  in  flowing  through  a  fine 
aperture  in  a  thin  plate  when  under  tbo  some  pressure.  Kepre- 
scnting  these  times  by  T  and  T',  we  have,  from  [152], 

(.'v>.Gr.)  :  {Sp.Gr.y  =  T  :  T" ; 

since  air  is  the  standard  of  specific  gravity,  (^S^p.Gr.y-- 
we  easily  obtain 

(fv..&.)=  J,V 

The  apparatus  used  by  Bunscn  in  these  deter- 
minations is  represented  in  Fig.  330,  It  consists 
of  a  glass  bell,  a  a,  holding  about  seventy  cubic  cen- 
timetres, and  closed  above  by  the  glass  stopcock  c. 
To  the  neck  of  the  bell,  at  d,  tlicrc  is  adjusted,  by 
grinding  with  emery,  the  short  tube  e,  and  to  tlie 
top  of  this  tube  there  is  cemented  a  small  piece  of 
platinum-foil,  in  which  a  very  fine  hole  has  been 
perforated.  In  order  that  the  plate  should  be  as 
thin,  and  the  hole  as  fine,  as  possible,  the  platinum- 
foil  is  first  pierced  with  a  very  fine  cambric  needle, 
and  then  haomiercd  out  n~ith  a  polished  hammer 
on  a  polished  anvil,  until  the  hole  is  no  longer  f .. 
perceptible  to  the  naked  eye,  and  can  only  be  seen 
when  the  plate  is  held  between  the  eyo  and  a 
bright  light.  The  edges  of  the  plate  are  nest  cut 
away,  so  as  to  leave  a  small  round  disk,  having 
the  hole  in  its  centre.  The  diameter  of  this  disk 
should  bo  a  little  less  than  that  of  the  top  of  the 
tube,  to  which  it  can  easily  be  cemented  with  a 
blowpipe.  Within  the  bell,  when  in  use,  is  placed 
the  glass  float,  bb,  made  of  tliiu  glass,  in  order 
that  it  may  be  as  light  as  possible.  At  the  top  of  ' 
this  Boat  there  is  a  small  knob  of  black  glass,  ;3, 
surmounted  by  a  thread  of  white  glass;  and  at 
the  points  /3i  and  /3j  two  black  glass  threads  are  .; 
melted  around  the  steiu  of  the  Boat,  which  serve 
a  index-marks.  ' 
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In  using  this  instrument,  the  glass  bell,  filled  with  the  gas 
whose  specific  gravity  is  to  be  determined,  is  depressed  m  a 
mercury  trough  until  tlie  index-mark  y^  on  its  side,  is  on  a 
level  with  the  surface  of  the  mercury.     This  index-mark  is  so 
placed   that,  when   the  bell,  previously  filled  with  gas,  is  de- 
pressed as  just  described,  the  float  will  be  below  the  surfieu^  of 
the  mercury  in  the  trough.     The  bell  is  now  fastened  securely  in 
this  position,  and  the  telescope  of  a  cathetometer  so  adjusted  that 
its  axis  shall  graze  the  surface  of  the  mercury  in  tlie  trough,  one 
side  of  which,  being  made  of  glass,  enables  the  observer,  looking 
through  the  telescope,  to  see  the  bell  distinctly.     The  apparatus 
being  thus  arranged,  the  observer  opens  the  stopcock  c,  and  then 
closely  watches  the  tube  through  the  telescope.    After  some  time, 
the  white  thread  of  the  float  rises  into  the  field,  and  forewarns 
the  observer  that  the  black  knob  will  soon  appear.     The  moment 
this  is  seen,  he  commences  his  observation,  and  notes  the  exact 
number  of  seconds  before  the  index-mark  p^  appears  in  tlie  field 
of  his  telescope,  of  the  approach  of  which  he  is  forewarned  by 
previously  seeing  the  mark  ^,. 

From  the  construction  of  the  instrument,  it  is  evident  that  the 
time  thus  observed  is  the  time  required  for  the  flow,  through  the 
fine  hole  in  the  plate  e,  of  a  given  volume  of  gas,  under  a  given, 
although  varying,  pressure ;  and,  moreover,  that  this  volume  and 
pressure  must  be  the  same  in  all  experiments  with  the  same 
instrument.  Hence  the  squares  of  tlie  times,  in  the  case  of  dif- 
ferent gases,  must  be  proportional  to  their  specific  gravities ;  so 
that,  having  once  for  all  determined  the  time  required  by  air,  we 
can  easily,  by  means  of  [154],  calculate  the  specific  gravity  of 
any  given  gas  from  a  single  observation  of  the  time  of  its  eflusion. 
It  is  always  best,  however,  to  repeat  the  observation  several  times, 
and  take  the  mean  of  the  results. 

The  following  table  will  give  an  idea  of  the  degree  of  accuracy 
which  can  be  attained  by  this  process.  Column  I.  gives  the 
mean  specific  gravities  calculated  from  several  efiusion  experi- 
ments on  each  gas,  and  Column  U.  the  specific  gravities  of  the 
same  gases  calculated  from  their  chemical  equivalents. 

The  agreement  between  the  calculated  and  the  observed  re- 
sults is  very  satisfactory ;  so  that,  although  this  process  is  not 
comparable  in  accuracy  with  the  direct  metliod  of  determining 
specific  gravities  hereafter  to  be  described,  it  is  nevertbelessi  on 
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account  of  its  great  simplicity,  recommended  by  Bxinsen  for  use 
in  ibo  arts  when  only  approximate  results  are  required. 


0„ 

I. 

D. 

r««™-. 

Air, 

Carbotiic  Af^iu*  ^       .       .       . 

I   TOl.   C0+   1  Yol.  COj,         . 

OxjgtJi 

1  vol.  O  +  2  YoL  H,      .        .        . 
Hydrogen, 

1.000 
1.GS3 
1.203 
1.118 

OMi 
0.079 

1.000 
l.siO 
1.214 
I.IOS 
0.415 
0.069 

+o.ois 

—0.041 
+0.012 
—0.001 
+0.010 

(213.)  Transpiration.  —  The  flow  of  gnsos  under  pressure 
through  long  capillary  tubes  presents  a  class  of  phenomena  en- 
tirely different  from  those  of  effusion,  and  has  been  termed  by 
Graham  Transpiration.  With  a  tflba  of  a  given  diameter,  Gra- 
ham found  that  the  shorter  the  tube,  the  more  nearly  the  rate  of 
transpiration  approximates  to  the  rate  of  effusion  ;  while,  on  the 
other  hand,  as  the  tube  was  lengthened,  ho  observed  a  deviation 
from  the  effusion  rate,  which  was  very  rapid  with  the  first  increase 
of  length,  but  became  gradually  less,  and  reached  a  maximum 
when  a  certain  length  had  been  attained.  It  was  therefore  neces- 
sary, in  order  to  eliminate  the  effects  of  effusion  from  csperimcnts 
on  transpiration,  to  employ  a  considerable  length  of  tube  ;  and 
when  this  precaution  was  observed,  uniform  results  were  obtained. 
The  length  required  in  any  case  was  found  to  vary  with  tho 
diameter  of  the  tube,  and  also,  to  a  certain  extent,  with  tlie  na- 
ture of  tbe  gas.  The  most  important  conclusions  which  have 
been  deduced  from  the  researches  hitherto  made  on  transpira- 
tion are  as  follows :  — 

First.  The  velocity  of  transpiration  of  a  given  gas  through  a 
l^ven  capillary  tube  increases  directly  with  the  pressure.  For 
example,  a  litre  of  air  of  double  the  density  of  the  atmosphere, 
snd  therefore  exerting  twice  the  pressure,  will  pass  through  a 
capillary  tube  into  a  vacuum  in  one  half  of  the  time  required  by 
the  same  volume  of  air  of  its  natural  density.  This  is  a  very 
lemarkable  fact,  and  it  shows  that  the  process  of  transpiration 
diflers  very  greatly  in  charaetcr  from  efiiision. 

Secondly.  "With  tubes  of  the  same  diameter,  the  velocity  of 
transpiration  of  a  given  gas  ia  inversely  as  the  length  of  the 
tube.  For  example,  if  one  hundred  cubic  centimetres  of  air  will 
pa&s  tlu'ough  a  capillary  tube  two  metres  long  in  ten  minutes,  a 
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tube  of  the  same  diameter  four  metres  long  would  allow  fte 
passage  of  only  fifty  cubic  centimetres  in  the  same  time. 

Thirdly.  The  velocity  of  transpiration  of  equal  Yolumes,  ceUris 
paribus,  diminishes  as  the  temperature  rises. 

Fourthly.  The  velocity  of  transpiration  was  found  to  be  flie 
same,  whether  the  tubes  were  of  copper  or  of  glass,  or  eveii  when 
a  porous  mass  of  stucco  was  used. 

Fifthly.  The  velocity  of  transpiration  varies  with  difocnt 
gases,  and  appears  to  be  a  constitutional  property  of  an  aerifbnn 
substance,  like  the  density  or  the  specific  heat,  not  depending,  is 
is  the  case  with  efiusion,  on  the  specific  gravity. 

Of  all  gases  which  have  been  tried,  oxygen  has  the  slowest  rate  of 
transpiration ;  and  hence  it  may  be  conveniently  taken  as  a  stand* 
ard  of  comparison  for  the  other  gases.  In  the  first  column  of  tbe 
following  table,  the  times  of  transpiration  of  equal  volumes  of  the 
best-known  gases  are  given,  as  compared  with  that  of  oxygen; 
and  in  the  second  column,  the  corresponding  velocities  of  trans- 
piration, which  are  the  reciprocals  of  the  first  quantities.  In  each 
case  the  gas  was  transpired  through  the  same  tube,  and  under 
precisely  the  same  circumstances  of  temperature  and  pressure. 

Transpirabilxty  of  Gcues. 


Oxjgen,    .... 
Air, 

r  Nitrogen, 

<  Binoxide  of  Nitrogen, 

(  Carbonic  Oxide,    • 

C  Protoxide  of  Nitrogen, 

•<  Hydrochloric  Add, 

(  Carbonic  Add,  . 
Chlorine,    .... 
Sulpharons  Acid,  . 
Solphnretted  Hjdrogen,    . 
Light  Carbaretted  Hydrogen, 
Ammonia, 

Cyanogen,     .        .        .       . 
defiant  Qas,     . 
Hydrogen,     .       .       .       . 


TlnMsfor 
Tnupintkm  of 
equal  VolaiMS. 

Tetodty«r 

1.0000 

1.0000 

0.90S0 

1.1074 

0.S768 

1.1410 

0.8764 

1.1410 

0.8787 

1.1440 

0.7498 

1.8840 

0.7368 

1.8610 

0.7800 

1.8690 

0.6664 

1.5000 

0.6500 

1.5880 

0.6195 

1.6140 

0.5510 

1.8160 

0.5115 

1.9860 

0.6060 

1.9760 

0.5051 

14800 

0.4870 

8.8S80 

Some  very  simple  relations  in  the  transpirability  of  different 
gases  may  be  discovered  by  examining  the  above  table.    ThnSy 


THE   TBBEE   STATES   OP    MATTER. 


419 


equal  weights  of  oxygen,  nitrogen,  air,  and  carbonic  oxide  are 
transpired  in  equal  times  ;  tlie  velocities  of  nitrogen,  binoxidc  of 
nitrogen,  and  carbonic  oxide,  are  equal ;  the  velocity  of  hydro- 
gen is  double  that  of  the  three  just  mentioned ;  the  velocities 
of  chlorine  and  of  oxygen  aro  as  three  to  two.  Many  other 
similar  cases  might  be  cited  ;  but  these  relations  seem  to  he 
merely  accidental,  and  have  not  as  yet  been  connected  witli  the 
other  properties  of  the  substances.  "  Professor  Graham  consid- 
ers, at  present,  tliat  it  is  most  probable  tliat  the  rate  of  transpi- 
ration is  the  resultant  of  a  kind  of  elasticity  dependiug  upon  the 
absolute  quantity  of  heat,  latent  as  well  as  sensible,  which  differ- 
ent gases  contain  under  the  same  volume,  and  therefore  that  it 
will  be  found  to  be  connected  more  immediately  with  the  specific 
heat  than  with  any  other  property  of  gases."' 

Lastly.  The  velocity  of  transpiration  of  a  mixture  of  equal 
volumes  of  two  gases  is  not  always  tlie  mean  of  the  velocities  of 
the  two  gases  when  separate.  For  example,  the  velocity  of  a 
mixture  of  equal  volumes  of  oxygen  and  hydrogen  is  I.IIO,  in- 
stead of  1.383,  which  would  be  the  mean  velocity  of  the  two 
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(214.)  Diffusion. — The  tendency  of  gases  to  mix  with  each 
other  is  BO  strong,  that  it  will  overcome  tlie 
greatest  dilTerences  of  specific  gravity ;  and, 
contrary  to  what  a  sujierficial  consideration 
would  lead  us  to  expect,  the  more  widely 
two  gases  diflcr  in  specific  gravity,  the  more 
rapid  is  the  process  of  intermixture.  This 
process  is  termed  diffusion,  and  may  be 
illiutrated  by  means  of  the  apparatus  rep- 
resented in  Fig.  337,  consisting  simply  of 
two  bottles,  A  and  B,  connected  together 
by  a  long  glass  tube.  If  we  fill  the  upjwr 
bottle  with  hydrogen  and  the  lower  bottle 
with  chlorine,  we  shall  find,  in  the  course 
of  a  few  hours,  that  the  two  gases  have  been 
perfectly  mixed  together,  although  the  ra- 
tio of  their  specific  gravities  is  three  times 
as  great  as  the  ratio  of  the  specific  grav- 
a^  of   mercury   to   that   of    water-     The 

•  Killec'i  ElemcDl*  of  Cbemiiuy,  Put  I.  f 
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chlorine,  although  thirty-six  times  heavier  thau  hydrogoo,  viU 
be  found  to  havo  made  its  way  into  the  upper  bottle,  as  nay 
he  seen  by  its  green  color,  while  the  hydrogen  will  have  {«tEt6 
downwards  into  the  lower  one;  and  when  once  mixed,  Um  Mro 
gases  will  never  separate,  however  long  they  may  remain  U 
rest. 

Wliat  has  been  shown  to  be  true  of  hydrogen  and  chlonno  a 
equally  time  of  all  other  gases  and  vapors,  which  do  not  act  client- 
ically  an  each  otlior.  The  only  difibrencos  observed  with  di8'c^ 
ent  substances  are  the  times  required  to  cfTect  a  perfect  mixtart; 
but  when  once  made,  this  mixture,  in  all  cai^es,  coutiuiio»aai- 
forra  and  permanent.  This  subject  may  bo  still  further  illi* 
trated  liy  tilling  two  tall,  narrow  glass  hells  of  oqual  diametm 
over  a  ]inonmatic  trough,  the  one  half  full  of  hydrogen,  and  tha 
other  half  full  of  air,  so  tliat  tlie  water  sliall  stand  at  the  Nune 
level  in  botli.  If,  now,  we  pass  np  a  few  drops  of  etlier  into  ucli 
jar,  the  same  quantity  of  ether  will  cvaporulu  iu  both,  and  cause, 
ultimately,  the  same  depression  of  tlie  water-level ;  but  Uio  u- 
patision  of  the  hydrogen  will  take  place  much  the  uwneet, 
because,  being  fourteen  and  a  half  times  lighter  thau  air,  liifi 
heavy  ether  vapor  will  mix  with  it  more  rapidly. 

The  law  wliich  governs  Uie  rapidity  of  gaseous  diillinon  »« 
discovered  by  Graham,  by  means  of  Uio  apparatus  represeuuJ 
in.  Pig.  338,  and  called  by  Lim 
a  diffusion  lube.  It  consists  of 
a  glass  tul>o  thirty  or  forty  cen- 
timetres in  leugtli,  oue  etid  ef 
which  is  closed  by  a  plug  of 
plaster  of  Paris,  which  sbuttU 
be  as  thill  as  is  cousifrtent  with 
strength.  This  tube  serve*  us 
bell  fur  holding  the  ga«  nndtr 
experiment  over  the  water  eoa- 
tainod  iu  a  tall  glass  jar;  autl 
it  may  lie  easily  filled  witlioat 
wetting  tlio  porous  diapliraipai 
by  means  of  a  glass  aphon-tuH 
OS  represented  iu  the  figure.  While  filling  tlie  tulie,  tho  \  "" 
closed  by  means  of  a  glass  plate,  wliich  has  previously  I 
fully  ground  with  emery  ou  to  the  upper  edge  above  Uie  ] 
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lbr*gin.    The  tube,  wlion  Ullcd  \dth  gas,  Bhould  be  so  svip- 

ifaat  tliv  water  may  be  on   tlte  same  level  withiu  and 

lout  tlic  tube.     If  then  the  glass  covering-plate  is  removed, 

I  gas  will  be  found  to    mix  with  the  air  through  the  thin 

ler  diaphragm,  the  gas  passing  out  into  the  atmosphere,  and 

t»ir,  on  the  other  band,  entering  the  tube.     The  relative  t©- 

jr  of  the  two  currents  nnll  be  found  to  depend  on  the  relative 

Rlf  of  the  gas  as  compared  with  air.     If  the  gas  is  lighter 

lir,  the  outer  current  will  lie  the  most  rapid,  and  the  water 

1  will  rise  in  the  tube  to  supply  the  vacuum  thus  formed  ; 

le  oth(;r  hand,  if  the  gas   is  heavier  ihan  air,  the 

]  current  will  be  the  most  rapid,  and  the  water  column  will 

lopressed.     If  tho  gas  is  hydrogen,  which  is  fourteen  and  a 

s  lighter  than  air,  the  outer  current  will  he  so  much  the 

t  rajud,  that  in  the  course  of  a  few  minutes  tho  water  column, 

■  favorable  circumstances,  will  rise  to  over  one  half  the 

^t  of  the  tube.     In  all  cases,  after  a  certain  time,  varying 

k  the  specific  gravity  of  the  gas  and  the  tliickness  of  the  dia* 

I,  tiie  gas  in  the  tube  will  have  been  rc])laced  entirely  by 

llume  of  air,  which  will  be  greater  or  less  than  the  original 

B  of  gas,  according  as  the  velocity  of  difl'usion  of  the  air  is 

bur  or  less  than  that  of  the  gas.     By  comparing,  then,  the 

[doI  volume  of  the  gas  with  the  volume  of  the  air  remaining 

D  tube  at  the  close  of  the  e5j»criment,  we  shall  have  at  once 

I  relative  Telocity  of  diffusion  of  tlie  two  gases.     In  making 

meuls  for  the  purpose  of  determining  tlie  velocity  of  diSu- 

>,  it  is  evidently  essential  to  maintain  the  water  at  the  same 

b1,  both  within  and  \titliout  the  tube,  since  otherwise  the  eflects 

diOuBion  would  be  modified  by  the  hydrostatic  pressure. 

8  on  illustration  of  the  method  of  determining  the  velocity  of 

non,  let  ns  suppose  that  the  tube  was  filled  with  100  cm.'  of 

yen  gas,  and  tliat  at  the  end  of  tho  experiment,  during 

1  the  earfacc  of  the  water  within  and  without  the  tube  was 

Bfally  maintained  at  the  same  level,  there  remained  in  the 

(  20.1  e.  m.'  of  air.     It  is  evident,  then,  that  during  the  time 

'  of  hydrogen  escaped  from  the  tube  through  the  porous 

ihragm,  20.1  .Tm,*  of  air  entered.     Hence,   tlie  velocity  of 

t  fliffiision  of  hydrogen  is  3.83  times  fequal  to  100  -^  26.1) 

5  rapid  than  tbiit  of  air.     In  the  same  way,  all  the  numbers 

a  column  of  llie  following  table  beaded  "  Velocity  of  DiflU- 
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fdon "  were  found.  They  in  each  case  indicate  the  telocitj  of 
liffusion  as  compared  with  air ;  and  it  will  be  noticed  that  they 
yery  nearly  coincide  with  the  Telocity  of  efiiision. 

•  

Diffhmon  of  Gases. 


Gm. 

8p.  Or. 

1 

Triod^€f 

Kan  If 

V^8p..0r. 

V'Bp.Or. 

Hydrogen, 

0.06926 

0.2632 

8.7994 

3.8300 

3.6130 

Manh  Gas, 

0.55900 

0.7476 

1.3876 

1.3440 

14220 

Steam,  .        .        •        • 

0.62350 

0.7896 

1.2664 

Carbonic  Oxide, 

0.96780 

0.9887 

1.0166 

1.0149 

lu^m 

Nitrogen, 

0.97130 

0.9856 

1.0147 

1.0148 

1.0164 

Olefiant  Gas,      . 

0.97S0O 

0.9889 

1.0113 

1.0191 

14)128 

Binoxide  of  Nitrogen,   . 

I.0S900 

1.0196 

0.9808 

Oxygen, 

1.10560 

1.0516 

0.9510 

0.9487 

OJGOO 

Solphoietted  Hydrogen, 

1.19120 

1.0914 

0.9162 

0.9500 

Protoxide  of  introgen. 

1.52700 

1.2357 

0.8092 

0.8200 

OMIO 

Carbonic  Acid, 

1.52901 

1.2865 

0.8087 

0.8120 

0.8210 

Solphnroas  Acid, 

2.24700 

1.4991 

0.6671 

0.6800 

It  appears,  then,  that  the  Telocity  of  diffusion  of  a  gas  is  the 
same  as  the  velocity  of  effusion,  and  hence,  like  the  latter,  is 
inversely  proportional  to  the  square  root  of  its  specific  gravitj. 
In  other  words,  gases  expand  into  each  other  according  to  the  same 
law  which  they  obey  in  expanding  freely  into  a  vacuum.  This  fact 
has  been  thought  to  support  the  theory  of  Dr.  Dalton,  that  gases 
are  inelastic  towards  each  other,  one  gas  offering  no  more  per- 
manent resistance  to  the  expansion  of  another  gas  than  would 
be  presented  by  a  vacuum.  Tlius,  in  the  experiment  with  the 
two  bottles  (Fig.  337),  Dalton  supposed  that  the  hydrogen  ex- 
panded through  the  space  occupied  by  the  chlorine  just  as  if  the 
space  were  entirely  empty ;  and  he  explained  why  the  expan- 
sion was  not  instantaneous  by  the  supposition  that  the  particles 
of  chlorine  offer  the  same  sort  of  resistance  to  the  motion  of 
hydrogen  as  is  offered  by  the  stones  on  the  bed  of  a  brook  to 
the  running  of  water.  There  can  be  no  question  that  the  ulti- 
mate result  of  diffusion  is  always  in  conformity  witli  Dalton's 
theory ;  and  although  we  may  hesitate  to  assume  that  gases  are 
in  all  respects  vacua  to  each  other,  yet  this  theory  is  at  pres- 
ent the  most  convenient  mode  of  expressing  the  phenomena  of 

diflfusion. 

If,  instead  of  using  a  homogeneous  gas,  we  introduce  a  mixture 
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of  tvo  or  more  gases  into  tlic  dilTusion-tubo,  each  gas  will  l>e 
found  to  prceerro  its  own  rate  of  dilfusion.  Tims,  if  the  mixture 
consists  of  hydrogen  and  carbonic  acid,  the  hydrogen  will  ef«ape 
from  t]te  tuhe  much  more  rapidly  than  the  carbonic  acid,  and  a 
partial  mechanical  separation  of  the  two  gases  may  thus  be 
ted. 
It  is  Dot  essential  that  the  top  of  the  diirnsion-tube  should  be 
id  with  plaster  of  Paris.  Any  dry  porous  substance,  such  as 
charcoal,  wood,  unglazed  earth  en-ware,  or  dried  bladder,  may  be 
stihstitutcd  fur  tliu  stucco ;  but  few  of  them  answer  so  well*  The 
diaithrogm  is  best  prepared  by  casting  a  very  thin  disk  of  plaster 
on  a  glass  plate,  and,  after  it  is  thoroughly  dried,  cutting  it  to 
tbe  required  size  with  a  sharp  knife,  and  cementing  the  edges 
witli  sealing-wax  to  the  inner  nm  of  the  tube. 

Tlie  ascent  of  a  column  of  water  in  the  tube,  when  hydrogen 
is  diffused,  forms  a  very  striking  esperimcnt.     This  may  read- 
ily be  shown  to  an  audience  with  a  Gra- 
ham's diffusion-tube  about  a  metre  in  height 
and  four  or  five  centimetres  in  diameter, 
resting   the   bottom   in   a   pan   of   colored 
water.     The  tube  can  easily  be  fdlcd  with 
hydrogen  by  displacement,  and  the  gas  re- 
tained in  its  place  by  covering  tlic  top  with 
a  ground-glass  plate,  which  should  he  re- 
moved at  the  time  of  the  experiment.    The 
imc  principle  can  be  even  more  strikingly 
ixtmled  by  means  of  an  apparatus  de- 
ibed    by  Professor   Hillimau,    Jr.,    and 
inlwi  in  Fig.  3S9.      It   is  made  by 
cementing  the   open   mouth   of   a   porous 
earthen-ware  cell  (such  as  are  used  in  a 
vaiiic  battery)  to  tlie  mouth  of  a  glass 
inel,  and  then  lengthening  the  s{)out  by 
ling   to   it  a  long  glass  tube  of  i.he 
diajneter.     VThen   in  use,  the  appu- 
ia  GUpjtorted   as   represented  in  ihe  ritaa- 

ire,  so  that  tlio  end  of  the  tube  shall  dip 
ito  a  glmss  filled  with  colored  water.     If,  now,  wo  hold  over  the 

•  iMtr  rxpaimmu  tutit  ibown  that  (he  h«»t  malFrial  a  COmpRMcd  [Jiuabago. 
Um  at  oollodion  on  paper  alio  gi<rcf  cxcailtai  ksuIu. 


424  CHEMICAL  PHTSIGS. 

porous  cell  a  bell-glass  filled  with  hydrogen^  there  will  be  in 
immediate  rush  of  air  from  the  tube  through  the  water,  becaoM 
the  hydrogen  diffuses  into  the  cell  nearly  four  times  as  rapdly  as 
the  air  passes  out ;  but  upon  removing  the  bell  of  hydrogen  the 
conditions  are  reversed,  —  the  hydrogen,  which  the  cell  now  con- 
tains, difiuses  into  tlie  atmosphere,  and  the  colored  water  inune- 
diately  rises  into  the  tube. 

As  all  gases  are  expanded  by  heat,  and  therefore  rendered 
specifically  lighter,  it  follows  that  the  absoltUe  velocity  of  diffu- 
sion of  any  gas  (measured  by  volume)  increases  with  an  increase 
of  temperature ;  but  since  an  elevation  of  temperature  does  not 
increase  the  rate  of  diffusion  as  rapidly  as  it  does  the  volume  of 
a  gas,  it  is  also  true  that  the  same  weight  of  any  gas  will  be  dif- 
fused more  rapidly  at  a  low  than  at  a  high  temperature.  It  will 
hereafter  be  shown  that  heat  expands  all  gases  equally,  so  tbnt 
their  relative  densities  are  preserved,  however  great  the  change  of 
temperature.  Henco  the  relative  velocities  of  diffusion,  which 
are  given  in  the  table  on  p.  422,  are  the  same  for  all  tempera- 
tures, provided,  of  course,  the  gases  be  heated  equally. 

This  diffusive  power  of  gases  is  of  the  greatest  importance  in 
preserving  the  purity  of  our  atmosphere.  As  it  is,  tlie  noxious 
carbonic  acid  from  our  lungs,  the  deleterious  fumes  from  our 
factories,  and  the  miasmatic  emanations  from  the  marshes,  are 
rapidly  spread  through  the  atmosphere  and  rendered  harmless  by 
extreme  dilution,  until  they  can  be  removed  by  the  beneficent 
means  appointed  for  this  end.  Moreover,  the  more  tliey  differ 
in  density  from  the  air,  and  the  more,  therefore,  tliey  would  tend 
to  separate  from  it,  the  stronger  is  the  force  by  which  they  are 
compelled  to  mix.  Were  it  not  for  tliis  provision  in  the  consti- 
tution of  gases,  these  injurious  substances  would  remain  where 
they  were  formed,  and  might  produce  the  most  disastrous  conse- 
quences. If  we  consider,  also,  the  oxygen  and  nitrogen  of  which 
the  atmosphere  essentially  consists,  they  differ  in  density  in  the 
proportions  of  1105  to  971 ;  but  yet  they  are  so  perfectly  mixed, 
that  the  most  accurate  chemical  analysis  has  been  able  to  detect 
no  difference  between  the  air  brought  from  the  top  of  Mont 
Blanc  and  that  from  the  deepest  mine  of  Cornwall.  Were  the 
force  of  diffusion  much  less  than  it  is,  these  two  gases  would  sep- 
arate partially,  and  the  atmosphere  be  unfitted  for  many  of  its 
important  functions. 
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Bunscn,*  -who  lias  moro  recently  studied  tlio  plicnomona  of 
gaseous  diffusion,  lias  obtained  results  which  do  not  coincide  with 
the  simple  law  discovered  hy  Graham,  and  enunciated  above. 
The  discrepancy  between  the  results  of  these  two  eminent  observ- 
ers probably  arises  from  the  great  tliickiiese  of  the  plaster  dia- 
phragm in  the  apparatus  used  by  Bunsen  ;  in  consequence  of 
which  the  phenomena  of  diffusion  were  modified  by  those  of 
transpiration.  Compare  (213).  The  same  must  bo  true,  to  a 
certain  extent,  of  llie  dilTusion-tiilje  of  Graham  ;  and  the  experi- 
mental results  will  probably  approach  the  law  in  proportion  aa 
the  thickness  of  the  diaphragm  is  diminished,  actually  coinciding 
witli  it  only  when  the  diaphragm  is  entirely  removed  and  the 
gases  expand  freely  into  eacii  other. 

(215.)  Passage  of  Gases  tkrovgh  Membranes. —  If  a  bladder 
half  filled  willi  air,  and  having  its  mouth  tied,  is  passed  up  into 
a  bell-glass  of  carbonic  acid  standing  over  water,  it  will  become, 
Id  the  course  of  twenty-four  hoiirs,  fully  distended,  and  mny  even 
burst,  owing  to  the  pass«Ke  of  carbonic  acid  gas  tlirongh  the 
pores  of  tlie  bladder.  This  is  not,  however,  a  simple  phenom- 
enon of  diffusion,  since  the  carbonic  acid  enters  the  bladder  as  a 
liquid  dissolved  in  the  water  permeating  the  substance  of  the 
membrane,  and  evaporates  from  the  inner  surface  of  the  bladder 
like  any  other  volatile  liquid.  A  similar  transfer  takes  plocs 
■with  a  jar  of  gas  standing  on  the  shelf  of  a  pneumatic  trough. 
The  water  dissolves,  to  a  slight  extent,  the  gases  of  the  atmos- 
phere, which  siibsequcntly  evaporate  into  tho  jar,  while  at  the 
same  time  the  gas  in  tlie  jar  slowly  passes  out,  in  a  similar  way, 
into  the  atmosphere.  For  tliis  reason,  gases  confined  over  water 
cannot  be  kept  pure  for  any  length  of  time.  Analogous  phenom- 
ena have  been  observed  with  membranes  of  india-rubber,  a  sub- 
stance wliich  has  the  power  of  absorbing  many  gases  to  a  remark- 
able extent,  especially  those  winch  are  more  easily  liqueiied.  It 
is  probable  that  the  gases  are  always  liquefied  in  the  india-rubber, 
and  pass  through  it  in  this  condition,  evaporating  subsequently 
on  the  interior  surface  of  tho  membrane.  A  similar  absorption 
must  take  place,  to  a  greater  or  less  extent,  with  any  diaphragm ; 
even  with  plaster  of  Paris  it  is  appreciable,  and  slightly  modifies 

e  experimental  results  of  diffusion. 


CHAPTER   IV 


HEAT. 


(215  bis,^  Theory  of  Heat,  —  All  natural  substances  are,  in 
certain  conditions,  capable  of  producing  on  our  bodies  peculiar 
sensations,  which  we  designate  by  the  words  heat  and  cold.  These 
sensations  may  result  from  direct  contact  with  the  substance,  u 
when  we  touch  a  heated  stove ;  or  they  may  be  produced  at  a 
great  distance  from  it,  as  when  we  are  warmed  by  the  radiation 
from  burning  fuel  or  by  the  rays  of  the  sun. 

To  the  cause  of  these  effects  we  give  the  name  of  heat;  bat 
according  to  the  most  generally  received  theory  beat  is  not  a  dis- 
tinct agent,  but  merely  an  affection  of  matter,  and  the  phenomena 
of  heat  are  thought  to  be  caused  by  the  motion  of  the  molecules 
of  which  all  matter  must  be  supposed  to  consist.  Not  only  are 
the  molecules  of  all  bodies  assumed  to  be  in  rapid  motion  among 
themselves,  but  the  motion  of  the  molecules  is  supposed  to  obey 
the  same  laws  as  the  motion  of  large  masses  of  matter.  More- 
over, the  molecules  are  assumed  to  be  perfectly  elastic,  so  that 
motion  may  be  transferred  from  one  molecule  to  another,  as  from 
one  billiard-ball  to  another.  Again,  when  a  moving  body  is 
suddenly  arrested,  it  is  supposed  that  the  motion  of  the  body  is 
distributed  among  the  surrounding  atoms ;  and  on  the  other  hand 
it  is  inferred  that  moving  atoms  may  transfer  their  motion  to 
masses  of  matter,  and  the  atoms  of  steam,  it  is  thought,  thns 
impart  motion  to  the  piston  of  the  steam-engine. 

According,  then,  to  this  view,  a  heated  body  differs  from  a  cold 
body  only  in  the  fact  that  its  molecules  are  moving  more  rapidly 
within  its  mass.  The  moving  power  of  the  individual  molecules 
represents  what  we  call  the  temperature,  and  this  is  the  measure 
of  the  force  with  which  they  would  impress  the  nerves  of  feeling. 
The  higher  the  temperature,  the  greater  is  the  moving  power,  and 
for  the  same  temperature  the  molecules  of  all  bodies  are  assumed 
to  have  the  same  moving  power.  The  zero  of  absolute  cold  would 
be  the  temperature  at  which  the  molecules  are  at  rest^  but  such  a 
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^■pnt  has  never  been  reached,  even  if  it  is  a  possible  condition  of 

^Kter.      Whilo  the  moving  power  of  tlio  individuiU  molecules 

represents  tlie  temperature  of  a  body,  the  total  moving  jwwor  of 

all  the  molecules  represents  the  amount  of  heat  which  it  contaius. 

Qaantity  of  heat,  then,  is  simplj'  quantity  of  motion ;  and,  as  wo 

Bkll  hereafter  see,  ttie  quantity  of  motion  corre»iiK>nding  to  each 

^pt  unit  is  capable  of  exact  measurement. 

^Priie  transfer  of  lieat  from  one  Ijody  to  another  is  simply  tho 
tratixfer  of  motion  from  the  molecules  of  the  one  body  to  tho 
molecules  of  the  other.  This  transfer  may  result  either  from 
tlie  direct  collision  of  the  molecules,  as  when  one  ivory  bull 
strikes  anoUier,  or  it  may  be  effected  through  the  intervention 
of  the  ether  atoms  by  which  the  molecules  of  all  bodies  aro 
assumed  to  be  surrounded,  the  lino  of  ether  atoms  along  which 
the  motion  may  be  supposed  to  be  transmitted,  as  along  a  line  of 
irory  bolls,  representing  the  rays  of  heat.  Such  is  thought  to  ho 
Ibe  difivrcDce  between  the  conduction  and  the  radiation  of  heat ; 
Httiough  it  may  be  Uui  motion  cannot  poRS  even  from  molecule 
^Hmoleeule  except  through  the  contiguona  atomn  of  ether. 
■The  difierence  between  tlio  three  states  »f  aggregation  of  mat- 
ter, according  to  tlie  theory  ve  are  oonsidering,  depends  upon 
Um  relative  freedom  of  motion  of  tlte  material  moleculea.  In  ■ 
■  this  motion  is  wholly  nurestraioed,  and  Uie  tension  of  the  gaa 
1  to  be  due  to  lite  G<>1lin']n  of  tlie  atoms  agaimrt  Iha 
a  of  the  cofitainiug  vesseL  If  ll>e  walls  are  unyielding,  tlw 
1  without  lonDg  any  moving  power,  as  any  clastic  hall 
I  froiD  a  6xed  ofartaele  (109).  When,  bo«e«er, 
I  to  the  aiomic  blows,  tbeo  the  atooia  loae  a  portion 
S  power,  and  a  loww  tenpefauire  ia  the  resnll.  In 
I  Bquids  the  motioa  ia  aappoeed  to  be  more  or  hm 
i  b)rtheBK)leeiilarfiifcea,jaflt  aathefiiroeafgnirit*' 
e  motiaa  of  the  phagto  ami  koepi  eadi  iu  a  fixed 
b  the  folid  the  notfaa  la  Mora  'rimiwaolhod  tbaa  fn 
,  but  in  ngui  to  Ihe  node  of  Kotiea  fai  cUher  eaaa 
a  DO  nnifamity  of  ofMiaa.  Aa  die  laaptnttwe  of  s  bo>f y 
I,  the  moving  power  of  iH  maleealaa  bb^  faeeome  uma 
nlecalv  fiweaaf  aal  Ihoi 
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forces  can  only  be  overcome  by  the  expenditure  of  moving  poMr, 
6uch  a  change  must  be  attended  with  the  absorption  of  heat;  and 
when,  on  the  other  hand,  in  consequence  of  the  reduction  of  tenh 
perature,  and  consequently  of  the  moving  power  of  the  molecules, 
these  are  brought  again  under  the  influence  of  the  molecultf 
forces,  an  equivalent  amount  of  heat  is  set  free ;  just  as  a  stono, 
which,  thrown  from  the  earth,  falls  again  to  the  ground,  acqaira, 
while  falling,  the  same  momentum  which  it  lost  while  rising. 

It  will  hereafter  appear  that  the  change  of  state  of  aggr^atkn 
is  always  accompanied  by  such  an  absorption  or  evolution  of  heat 
as  the  theory  predicts.  Moreover,  it  will  also  appear  that  tbo 
arrest  of  motion  is  always  attended  with  the  evolution  of  hetl, 
and  that  the  amount  of  heat  evolved  is  the  exact  equivalent  of  the 
moving  power  which  has  disappeared ;  as  must  necessarily  be  tbo 
case,  if,  as  the  theory  assumes,  the  moving  power  is  transferred  to 
the  neighboring  molecules  at  the  moment  of  collision,  and  ihdr 
motion  manifests  itself  in  the  phenomena  of  heat. 

According  to  the  modern  theory  of  chemistry,  equal  volumee 
of  all  substances  in  the  state  of  gas  contain  precisely  the  same 
number  of  molecules,  or,  what  amounts  to  the  same  thing,  the 
molecules  of  all  bodies  in  the  state  of  gas  occupy  exactly  equal 
volumes.  Hence  it  follows  tliat  the  weights  of  the  molecules  of 
any  two  substances  must  be  to  each  other  in  the  same  proportion 
as  the  specific  gravities  of  these  substances  when  in  tlie  state  of 
gas,  or 

771 :  7w,  =  Sp.  Gr.  :  Sp.  Gr.' 

If,  then,  we  assume  that  the  hydrogen  molecule  shall  be  the  unit 
in  our  system  of  molecular  weights,  we  can  easily  calculate  the 
molecular  weights  of  all  other  bodies  as  compared  with  that  of 
hydrogen.  The  molecular  weights  thus  obtained  are  either  the 
same  numbers  as  those  which  express  in  chemistry  the  combining 
proportions  of  the  diflFerent  elements,  or  else  they  are  some  simple 
multiple  of  these  numbers. 

If,  now,  we  represent  by  Fand  K  the  velocities  with  which  the 
molecules  of  any  two  substances  in  the  state  of  gas  are  moving  at 
any  given  temperature,  for  example,  0"*  Centigrade,  then,  since, 
according  to  our  theory,  the  moving  power  of  any  two  such  mole- 
cules must  be  the  same  at  the  same  temperature,  we  shall  bare 
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and  from  this  we  can  readfly  deduce  the  proportion 

V:Vl  =  Vm,  :  \/m  =  VSpTGr.' :  v^SpTGr. 

that  isy  the  velocities  of  the  motion  of  the  molecules  of  any  two 
substances  in  the  state  of  gas  are  inversely  proportional  to  tlio 
square  roots  of  the  weights  of  these  molecules,  or  to  the  square 
roots  of  tlie  specific  gravities  of  tlie  gases.  The  diffusion  of  gases 
(214)  is  evidently  a  necessary  result  of  molecular  motion,  and 
the  relative  velocity  of  diffusion  must  be  the  same  as  the  relative 
velocity  of  the  molecular  motion,  and  hence  must  be  inversely 
proportional  to  the  square  roots  of  the  specific  gravities  of  the 
difikrent  gases.  This  is  the  simple  law  already  enunciated  on 
page  422. 

According  to  the  theory  here  adopted,  the  value  }  m  F^,  which 
represents  both  the  moving  power  of  a  given  molecule  and  the 
temperature  of  the  body  of  which  the  molecule  is  a  part,  repre- 
sents also  the  quantity  of  heat  which  that  molecule  contains. 
Hence,  as  all  molecules  at  the  same  temperature  have  the  same 
moving  power,  they  must  have  also  the  same  quantity  of  heat. 
It  must,  therefore,  require  the  same  quantity  of  heat  U)  raise  the 
temperature  of  a  single  molecule  of  any  sulifstance  the  same  num- 
ber of  degrees.  And  if  this  is  tnie  of  single  moh^ules,  it  muht  l>e 
true  of  equal  numbers  of  such  molecules,  or,  in  other  wordM,  of 
weights  of  different  substances  which  bear  to  each  other  the  same 
relation  as  the  weights  of  their  rc«pective  molwules.  If,  then, 
the  weights  of  two  substances,  Jf  and  M%  are  V)  each  other  in  the 
same  proportion  as  the  weights  of  the  mole^:ule*$  ^/f  th^;v;  siiT>- 
stances,  m  and  m',  then  the  same  quantity  of  h^^at  will  raiv;  tfie 
temperature  of  the  unequal  weig}iti>  31  and  M'  the  *Ame  nuwil^^jr 
of  degrees.  Or,  if  we  repr*rM>iit  by  S  and  A*  the  qfiantitie%  of  hfoU 
which  are  required  to  nhe  xhfi  temj^rrature  of  ^/ne  kilz/jfraififne 
of  eadi  of  two  subnanoes  one  dft^r^.  and  bv  m  ziA  m'  tfie  rnhuirH 

weights  of  their  respecdre  mokisriikt^  itif-tt  -  a/j/l    -  will  r*fym¥^t 


die  relatiTe  number  of  molwr-Le::^  of  ^Ach  ^i^/vVkt^c^  %u  ^niH  klW 
gramme;  and  since  tL%  v-ikf.VT  //  },A^a  r^rilnA  ncra'rt  1^  pro- 
portkual  to  the  noml^r  of  zuXw^ji^.  v^  ^^\  J^^re 

The  qpnotitiei  S  ad  9  a»  calki  \  «li  </  die 
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substances ;  and  hence,  according  to  the  theory,  tite  prodnab 
obtained  by  multiplying  together  the  specific  beats  of  diflereot 
substances  and  their  molecular  weightB  (or  combining  propo^ 
tions)  should  Ijc  equal.  In  the  case  of  the  chemical  elr-mciita 
this  ia  very  nearly  true;  and  it  would  probably  bo  found  preciwij 
true  for  all  substances,  could  the  comparison  always  Iw  miile 
under  precisely  the  same  conditions,  and  wheu  the  sutntaQcei 
vere  in  the  state  of  gas. 

Again,  since  equal  volumes  of  different  gases  always  contain 
the  same  number  of  molecules,  our  theory  would  lead  us  to 
anticipate  that  equal  quantities  of  heat  would  raise  the  ten- 
peraturo  of  the  same  volume  of  any  gas  to  an  equal  extent.  Tbii 
also  we  find  to  be  true  of  t)ie  permanent  gases :  and  although  in 
the  case  of  the  vapors  the  deviations  from  this  law  are  appartntlf 
very  great,  yet  such  deviations  are  probably  owing,  in  pan  at 
least,  to  the  imperfect  aeriform  condition  of  these  bodies,  and  aUo 
perliaps  to  the  mechanical  condition  of  the  molecules  themselm, 
of  which  our  theory  has  as  yet  taken  no  account. 

or  the  various  theories  which  have  been  proposed  to  explain 
tlie  phenomena  of  heat,  the  one  here  stated  is  the  simplest  and 
the  most  intelligible,  predicting,  as  well  as  could  l>e  expected,  tlie 
general  order  of  the  phenomena.  It  must  be  admitted,  however, 
that,  as  here  stated,  this  theory  is  open  to  grave  objoctioiis,  and, 
like  all  theories  in  science,  it  should  be  regarded  as  a  provisional 
expedient,  and  not  as  an  established  principle.  That  tlie  phe- 
nomena of  heat  have  a  purely  mechanical  cause  is  most  prolwibic, 
but  the  mode  or  the  seat  of  the  motion  which  causes  them  is 
wholly  a  matter  of  conjecture.  We  shall  discuss  the  phenomena 
of  heat  in  this  chapter  as  far  as  is  possible  independently  of  any 
theory,  using  for  the  purpose  the  ordinary  language  of  science 
It  must  bo  remembered,  however,  that  much  of  this  tangiiaga  ia 
based  on  the  old  theory,  now  rapidly  passing  away,  which  re- 
garded heat  as  a  material,  although  an  imponderable  agent.  No 
difficulty,  however,  will  arise,  if  it  is  remembered  tlut  quan- 
tity of  heat  means  simply  quantity  of  motion,  and  that  all  tcmu 
relating  to  quantity  are  as  strictly  applicable  to  motion  as  they 
are  to  matter. 

(216.)  The  Advm  of  Stai.  on  Matttr,  —  The  mechanical  eflectt 
of  heat  on  matter  may  be  all  explained  by  a^isuming  that  hcti 
acts  as  a  repulsive  force  between  the  particles,  and  tbenfim 
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B  the  attractire  force  of  cohesion.  The  first  ofToct  tif  hoat 
nutter,  in  eithor  of  its  tlirce  states,  is  to  oxputul  it.  This 
Kirated  by  a  great  variety  of  famiUar  facts  utid  experi- 
ments. A  ball  of  metal,  which  exactly  fits  a  ring  when  cold, 
win  tiot  pass  through  it  when  heated.  The  parts  of  a  wheel  aro 
bound  together  by  tlic  contraction  of  the  tire,  which  is  put  on 
while  hut.  Clocks  go  slower  in  summer  than  in  winter,  because 
the  pendulum  is  lengthened  by  the  heat. 

SiScrent  substances  expand  unequally  for  the  Eamo  incrcaso  of 
temperature.  Wo  estimate  the  expansion  eitlier  by  measuring  tlio 
iscreosc  of  lengtli  or  the  increago  of  bulk.  The  first  is  culled  the 
linear  expansion,  the  second  tlio  cvbic  expansion.  In  the  case  of 
•olids  we  generally  measure  solely  the  linear  cxpunrJon,  while 
in  the  case  of  liquids  and  gases  we  as  generally  measure  Kolcly 
the  cubic  expansion.  The  one,  however,  can  easily  be  calculated 
from  the  other,  since  the  cubic  expansion  is  about  three  times  aa 
great  as  the  linear  expansion.  The  following  table  will  give 
an  idea  of  tlie  amount  of  expansion  in  different  subKtanceH, 
and  will  show  tliat  gases  expand  very  much  more  than  liquids, 
and  Uquids  very  much  more  than  solids. 


Between  the  Frttxing  and  Jhiling  Poi'nU  of  WiUen 
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THEBMOMETERS. 

(217.)  Mercurial  Thermometer. — It  is  obviouBthatweiiiii^ 
use,  as  the  measure  of  temperature,  the  effect  caused  by  heat  in 
expanding  either  solids,  liquids,  or  gases,  and  thermometen 
have  been  constructed  of  each  of  these  three  forms  of  nutter. 
The  expansion  of  solids,  however,  is  so  small,  and  that  of  gasoi 
so  difficult  to  measure,  that  their  indications  are  not  available  tat 
the  ordinary  purposes  for  which  a  thermometer  is  requirod; 
while  liquids,  on  tlie  other  hand,  having  an  intennediate  degree 
of  expansibility,  and  their  changes  of  volume  being  readily  meu- 
ured,  are  well  suited  for  thermometrical  uses.  Of  the  variou 
liquids  which  might  be  employed,  mercury  is  much  tlie  best,  not 
only  on  account  of  the  great  range  of  temperature  between  its 
freezing  and  boiling  points,  but  also  because  its  increase  of  Tot 
ume  is  very  nearly  proportional  to  the  increase  of  temperature. 

In  order  to  make  a  mercury  thermometer,  a  capillary  glass  tube 
is  first  selected,  whose  bore  is  of  the  same  calibre  throughout,  bo 
that  equal  lengths  of  the  tube  will  contain  equal  volumes  of 
mercury.  The  uniformity  of  the  bore  is  readily  tested  by  intro* 
ducing  into  the  tube  a  small  amount  of  mercury,  and  moTiog 
this  short  column  gradually  from  one  end  to  the  other,  measuring 
its  length  in  each  successive  position.  This  should,  of  course,  be 
the  same  in  every  case  ;  and  if  not,  the  tube  must  be  rejected. 

The  glass  tube  having  been  selected,  and  cut  off  to  the  required 
length,  a  bulb  is  blown  upon  the  end  by  the  usual  method  of 
glass-blowing,  using,  however,  an  india-rubber  bag  instead  of  the 
mouth,  in  order  to  avoid  moisture.  The  size  of  the  bulb  is  varied 
according  to  the  degree  of  sensibility  required  in  the  instrument; 
but  it  is  always  made  large  in  comparison  with  the  tube,  so  that 
a  slight  expansion  of  the  enclosed  liquid  will  cause  it  to  fill  a 
considerable  length  of  the  bore.  The  form  of  the  bulb  may  be 
either  spherical  or  cylindrical.  Tlie  first  is  most  easily  made; 
but  the  last,  from  exposing  a  greater  surface,  is  more  readily 
affected  by  changes  of  temperature.  To  facilitate  the  introduc- 
tion of  the  mercury,  a  cup  is  sometimes  cemented  to  the  open 
end  of  the  tube,  although  a  paper  funnel  fastened  with  twine  will 
answer  every  purpose. 

The  tube  thus  prepared  is  now  easily  filled  with  mercury. 
Holding  the  tube  in  a  vertical  position,  we  pour  mercuiy  into  the 


tup,  and  heat  ihe  bulb  with  a  lamp  in  order  to  expel  a  portion  of 

Uk  air.     On  rcmoTitig  tlio  lamp  the  glass  sooa  cooh,  and  the 

^^Kerciir^  is  forced  in  by  the  pressure  of 

^^pe    almosphero,    partially   filling   the 

^^■ftlb.     We  now  again  apply  tlio  lamp, 

^^p  reprosoDUid   in   Fig.  340,  until  tho 

^Hbrcnry  boils ;  and  continue  tho  boil- 

^Hip  for  several  minutes,  in  order  thut 

the  mercury  vapor  may  drive  out  all 

the  air  and  moisture.    The  lamp  is  then 

•gain     removed,    when    the    mercury, 

I  in  by  the  atmosphere,  descends 

1  fills  eotupletely  the  vliolo  appara- 

p.     ITie  cup  is  then  emptied  of  the 

^css  of  mercury,  and  the  tube  Just 

low  it  drawn  out  to  a  narrow  neck 

k  thu  flame  of  a  blowpijie,  when  the 

cap  may  be  broken  oS*. 

As  the  tube  is  now  filled  with  mcr- 
ICOTT,  a  greater  or  less  portion  of  it 
^HkBst  bo  removed,  depending  on  the 
^^■nge  to  be  given  to  the  ini-'trunicnt. 
^^PUs   is  accomplislied    by   healing  the  t,^  ;uu 

bulb  to  the  highest  temperature  which 

tho  tiiennometer  is  expected  to  measure,  when  the  excess  of 
mercury  is  expelled  through  the  minute  aperture  left  in  tim  neiik 
of  llic  lube.  The  source  of  heat  is  now  withdrawn ;  and  the 
moraont  llie  column  of  mercury  begins  to  descend,  the  flame  of  a 
UoTpi|>e  directed  against  tho  end  of  the  stem  hermetically  seals 
the  tulie.     It  remains  then  only  to  graduate  the  instrument. 

(218.)   Gradvalion  of  the  Thermometer.  —  If  the  bore  is  uni- 

lorm,  it  is  e^-idcnt  that  tho  rise  of  the  mercury  in  the  tube  will 

bo  proportional  to  tho  expansion,  so  that  we  have  in  the  ther- 

moineter  kn  instrument  with  which  we  can  measure  any  change 

*^j£  volume  of  the  included  liquid  ;   and  if  we  assume  tliat  the 

^^■pousioa  is  proportional  to  the  increase  of  temperature,  it  is 

^^pdont  that  it  will  also  serve  as  a  very  delicate  measure  of  tern- 

^^Mnturo. 

Ttie  tlicrmometer  is  always  graduated  by  means  of  two  fixed 
temjicratures,  —  tliose  of  melting  ice  and  of  boiling  water.    The 
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rounded  by  pulverized  i( 


bulb  and  the  portion  of  the  tube  filled  with  tncreiuT  are  fint  n 
e,  and  tlie  point  to  which  the  incrcury  ta 
is  marked  with  a  iile  on  tlie  stem  (V 
841).  The  thermometer  in  next  iiiuDcned 
in  steam  cscapiiig  freely  into  tlkg  aluvM- 
phcre,  and  the  point  to  winch  the  mercur; 
rises  marked  as  before.  The  tem^icrature 
of  tree  steam  is  always  approxtmativclf 
the  same  as  that  of  boiling  water,  and  eren 
more  constant,  not  being  aflcclod  by  pumy 
circumstances,  Buch  as  Uie  nnturo  of  tbe 
vessel  and  the  presence  of  impnri ties,  which 
may  change  slightly  the  boiling-point. 

The  apparatus  represented  in  Figs.  Hi 
and  3-13,  invented  by  Regnaiilt,  is  admi- 
rably adapted  for  fixing  the  boiling-poioL 
Its  construction  is  snfTiciciitly  tiTideot 
from  the  drawing,  and  does  not,  thet^ 
fore,  reqiiire  description.  Tlio  sUwm  ri»- 
ing  fh>m  the  boiling  water  circulates  in  tho  diroctioa  of  ttie 
arrows,  escaping  by  the  tube  D ;  and  the  object  of  tlie  doaUe 
envelope  is  merely  to  prevent  the  stoam  Irom  condoosiog  in  (he 
inner  cylinder  A. 


Fl|,  841. 
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Lnco  the  temperature  of  boiling  vater  and  of  the  steam  escap- 
[  from  it  varies  witli  the  atmospheric  pressure,  it  is  evidently 
uttinl  to  pay  regard  to  this  circumstaiieo  in  graduating  the 
nometer.  The  fixed  point  adopted  for  the  graduation  is  the 
leraturo  at  which  water  boils  under  a  pressure  of  76  c.  m. ; 
I  if  tlio  barometer,  at  the  time  of  graduation,  indicates  a  dif- 
nt  prcsBore,  it  is  necessary  to  make  a  correction  accordingly. 
B  correction  is  easily  calculated,  since  Woliaston  dcleroiined 
t  tiifl  boiling-point  of  water  increases  one  Centigrade  degree 
ivcry  increase  of  pressure  measured  by  2.7  c.  m.  of  mercury 
111  determining  the  boiling-point  with  Regnault's  ap- 
■us,  it  is  necessary  to  guard  against  any  accidental  variation 
vro  in  the  interior;  and  for  this  reason,  it  is  fitruislied 
I  tlie  manometer-tube  m. 

to  two  fixed  points  having  been  marked  on  the  tube,  the 

ince  between  them  is  next  divided  into  equal  parts,  called 

Two  different  scales  are  used  in  this  country.     In  the 

itigradfl  scale,  wliich  is  the  one  most  generally  used  for  scien- 

I  purposes,  the  distance  is  divided  into  one  hundred  degrees, 

Icli  are  numbered  from  the  freezing-point  of  water.     These 

I  are  continued  of  the  same  size  both  above  100°  and 

,  the  last  being  distinguished  by  a  minus  sign  ;  thus, 

''  stands  for  ten  degrees  below  zero.    In  the  Fahrenheit  scale, 

I  is  used  almost  exclusively  in  common  life,  the  distance 

[vided  into  one  hundred  and  eighty  degrees,  wluch  are  num- 

1  from  a  point  thirty-two  degrees  below  the  freezing-point  of 

BO  that  on  this  scale  the  frcezing-pouit  of  water  is  at 

^  and  tlie  boiling-point  at  S2°  +  180°  =  212°. 

lie  Palirenheit  scale  originated  with  on  instrument-maker  of 

Izie,  from  whom  it  is  named,  and  appears  to  have  been  based 

nme  theoretical  views  in  regard  to  the  expansion  of  mercury 

leh  have  long  since  been  forgotten.     It  is  supposed  that  the 

I  chosen  as  marking  the  greatest  cold  which  had  been 

i  at  Dantzic,  and  which  Fahrenheit  regarded  as  the  great- 

eible.     We  are  now,  however,  aljle  to  reduce  the  tempera- 

)  of  bodies  at  least  one  hundred  and  fifty  degrees  below  the 

pof  Fahrenheit,  so  that  this  zero  is  far  from  marking  the 

t  possible  cold;  moreover,  since  cold  is  merely  the  absence 

nt,  aud  since  we  cannot  remove  all  the  heat  from  matter, 

1  never  expect  to  reach  the  absolute  zero.    Indeed,  the 
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whole  thermometric  scale  is  to  be  regarded  as  purely  aiUtrny, 
and  may  be  compared  to  a  chain,  extending  indefinitely  boih  up- 
wards and  downwards.  We  select  some  point  on  the  chain,  and 
begin  to  count  the  degrees  from  that.  We  fix  the  lengtli  of  <mr 
degrees  by  selecting  a  second  point,  at  a  convenient  distanoe 
above  the  first,  and  dividing  tlio  intervening  length  into  an  arbi- 
trary number  of  equal  parts.  Thus  all  is  arbitrary ;  and  then 
is  no  peculiar  virtue  in  the  two  points  which  have  been  chosen, 
other  than  that  they  can  be  easily  determined  with  accuracj,  and 
include  between  them  the  range  of  temperature  with  which  we 
are  usually  most  concerned. 

The  Centigrade  scale  has  been  adopted  in  this  work,  not  only 
because  it  has  a  decimal  subdivision,  but  also  because  it  is  the  one 
most  generally  adopted  in  the  scientific  works  both  of  tliis  ooim- 
try  and  of  Europe.  At  the  end  of  the  book  there  will  be  found 
a  table  by  which  the  degrees  of  the  Centigrade  scale  may  be  con- 
verted into  those  of  the  Fahrenheit.  This  reduction  can  eadly 
be  made  mentally,  since  100*  C.  s=  180**  P.,  or  6'  C.  t=  y  F.; 
hence  F.""  =  f  C.""  +  32.  The  32  is  added,  because  the  zero  of 
Fahrenheit  is  32  Fahrenheit  degrees  below  the  zero  of  the  Centi- 
grade. An  easy  rule  for  mental  calculation  is,  Double  the  number 
of  Centigrade  degrees^  subtract  one  tenth  of  the  whole^  and  add 
thirty-two.  When  the  Centigrade  degrees  are  below  zero,  thej 
are  marked  with  a  minus  sign  ;  and  this  sign  must  be  regarded 
in  using  the  above  rule. 

Besides  the  two  just  mentioned,  the  scale  of  Reaumur  is  also 
used  in  some  countries  of  Europe.  On  this  scale  the  distance 
between  the  freezing  and  boiling  points  of  water  is  divided  into 
eighty  equal  parts,  but  the  zero  is  the  same  as  on  the  Centigrade. 
It  is,  however,  never  used  in  this  country,  and  is  seldom  referred 
to  in  scientific  works. 

In  all  thermometers,  after  the  length  of  a  degree  has  been 
ascertained  by  dividing  the  distance  between  the  freezing  and 
boiling  points  of  water  into  equal  parts,  the  divisions  are  con- 
tinued of  the  same  size  beyond  the  two  fixed  points  on  either 
side.  This  method  of  graduation  occasions  a  defect  in  the 
instrument  which  must  now  be  noticed. 

(219.)  Defects  of  the  Mercury  Thermometer.  —  It  will  ber 
obvious,  from  a  moment's  reflection,  that  we  do  not  observe  in  sm 
thermometer-tube  the  absolute  expansion  of  mercury,  but  ouljB 
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tho  relative  expansion  as  compared  with  that  of  tho  glass  bulb. 
Did  tho  glass  expand  as  much  as  the  mercury,  the  column  of 
liquid  would  evidently  remain  stationary  at  all  temperatures. 
If  it  expanded  more  than  the  mercury,  an  increase  of  tempera- 
tiire  would  cause  tho  column  to  fall.  In  fact,  tJie  expansion  of 
mercury  is  seven  times  greater  tlian  that  of  glass ;  so  that  ita 
apparent  expansion,  when  enclosed  in  a  glass  vessel,  is  about  one 
seventh  loss  than  tho  absolute  expansion.  Tho  rise  of  the  column 
of  mercury  in  a  thermomoter-tuljo  is,  then,  a  mixed  effect  of  the 
expansion  of  tlio  enclosed  mercury  and  of  the  glass  envelope. 

It  is  further  evident,  that  the  whole  value  of  tho  thermometer, 
as  a  measure  of  temperature,  rests  upon  the  assumption  that  the 
expansion  of  a  given  quantity  of  mercury  is  exactly  proportional 
to  the  amount  of  beat  whiHi  enters  it.  If,  for  example,  a  given 
amount  of  lieat,  entering  the  mercury  of  a  thermometer,  causes 
it  to  expand  0.001  of  its  volume,  and  consequently  to  rise  in 
the  stem  one  centimetre,  it  is  assumed  that  twice,  three  times, 
etc.  as  much  lieat  will  cause  it  to  expand  0.002,  0.003,  etc.  of 
its  volume,  and  to  rise  in  the  etera  2,  3,  etc.  centimetres.  This 
assumption  is  not,  however,  absolutely  correct,  for  tlio  rate  of 
expansion  of  mercury  gradually  iucreascs  with  the  tempera- 
ture; so  that,  in  tho  example  just  cited,  twice  as  much  heat  will 
cause  the  mercury  to  exjianil  a  little  more  than  0.002,  and  three 
limes  as  much  heat  a  lillle  mure  than  0.003  of  its  original  vol- 
iime.  Or,  to  take  another  illustration,  let  us  suppose  that  a 
certain  amount  of  heat,  entering  the  mercury  of  a  thermometer, 
causes  the  column  to  rise  in  tho  stem  one  centimetre,  which  we 
may  suppose,  in  a  given  case,  to  bo  tho  length  of  one  Centigrade 
degree ;  and  let  us  also  suppose  that  exactly  equal  amounts  of 
heat  enter  the  same  thermometer  during  successive  inten'als  of 
time.  If  tho  rate  of  expansion  of  mercury  were  uniform,  each 
addition  of  heat  would  cause  tho  mercury  to  rise  exactly  one 
centimetre ;  so  that,  if  tlie  stem  were  divided  into  centimetres, 
each  of  tlicEG  would  indicate  the  same  accession  of  heat.  As  it 
is,  however,  tlie  addition  of  tho  second  quantity  of  heat  causes 
the  mercury  to  riso  a  little  moro  than  a  centimetre,  the  addition 
of  tho  third  quantity  causes  a  rise  still  greater  than  before,  and 
so  on.  Hence,  in  order  that  tho  degrees  of  the  thermometer 
may  indicate  equal  accessions  of  iioat,  they  should  slowly  in- 
crease in  length  from  zero  up.  In  tho  cose  of  mercury,  tlie  rate 
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of  expansion  changes  so  slowly,  that  the  incnue 
in  the  length  of  the  degrees  would  not  bo  {le^ 
ceptible  U>  tlie  eye  within  the  usual  range  oflha 
scale  ;   but   if  the   thermometer  is   tilled  vitii 
water,  wliose  rate  of  expanEion  increases  rorf 
rapidly,  the  effect  becomes  very  oTideut.    The      | 
water  thermometer,  represented  in  Fig.  SJ  (,  is 
bo  graduated   that  each  division  on  tiie  scale 
corresponds  to  an  equal  amount  of  heat ;  and  it 
will  be  noticed  that  the  degrees  near  tlie  top  of 
iIiQ  Bcale  are  several  times  longer  tlinii  (Imse 
near  the  zero  point.     This,  then,  is  an  cxn^^eF- 
atc'd  representation  of  the  way  in  whidt  n  me^ 
ciiry  thermometer  should  bo  graduated,  in  order 
to  be  perfectly  accurate ;  tlio  Icngtli  of  the  de- 
jriccs  sliould  slowly  increase  from  the  zero  poJot 
ii[>.    In  practice,  however,  as  hus  been  described, 
they  are  made  of  tlie  same  length.     The  error, 
tlius  caused,  is  not  important  between  tho  two 
fixed  points;  since,  by  dividing  the  given  dis- 
tance into  equal  parts,  we  obtain  a  mean  leii^ 
for  the  degree,  which,  although  too  long  for  th« 
(lo^cGs  near  the  freezing-point,  anil  too  short 
for  the  degrees  near  the  boiling-point,  is  exact 
for  tlie  intermediate  degrees,  and  very  neariy 
correct  for  all.     Sut  above  the  boilin^-poinl  (he 
^amo  is  not  the  case  ;   for  while   tlto  degrees 
marked  on  the  scale  have  the  same  length  as 
ihosB  below,  the  true  length  of  the  degree  is 
<<>iistantly  increasing,  until  tJie  difference  bo- 
L'jtiies  very  considerable.     Hence  a  tlicrmotDdcr 
aliovc  tlie  boiling-point  always  indicates  too  high 
a  temperature  ;  and,  for  the  same  reason,  below 
the  freezing-point  indicates  too  Iowa  temp«nttitr& 
Tho  value  of  the  mercury  thormomoter  u  an 
accurate  instrument  would  not  foo  materiallf  im- 
paired by  the  facts  stated  above,  since  it  would 
always  be  possible  to  estimate  the  amount  of 
deviation  in  any  case,  and  apply  tha  corrcctioa 
to  the  observed  results.    Uitforttuialcly,  bowcvq 


it*  iodications  are  also  affected  by  Die  unequal  expansion  of  the 
^aas  eovelope.  It  bo  happens  that  the  rate  of  expansion  of  glaes 
iacrcODUd  quite  as  rapidly  as  that  of  mercury  ;  so  that  the  errw 
induced  l>y  tlie  increased  rate  of  expausion  of  mercury  is  in  part 
corrected,  indeed  sometimes  over-corrected,  by  tlie  incrcasiDg 
opacity  of  the  glass  bulb.  Unfortunately,  the  rate  of  expatiBion 
difTerv  Tory  considerably  in  dtflerent  kinds  of  glass,  and  even  in 
the  same  glass  under  different  circumstances  ;  so  much  so,  that 
two  tl>ennometers,  even  when  constructed  with  the  greatest  care, 
seldom  agree  for  temperatures  very  much  alwve  or  below  the 
Sxed  points.  It  is  thus  evident,  that,  while  the  expansion  of 
the  glass  tends  to  correct  the  error  which  would  be  caused  by 
tliK  unequal  expansion  of  mercury,  it  nevcrthelei^s  renders  tlie 
indications  of  the  thermometer  uncertain  to  a  slight  extent,  and 
Bufhcicntly  to  deprive  tlie  iiistnimeut  uf  tliat  accuracy  which  ia 
desirable  in  a  scientific  investigation. 

The  facts  stated  in  this  section  are  illustrated  by  the  following 
table,  firoiu  the  well-known  memoir  of  Heguault  *  ou  this  subject. 

Comparuon  of  Different  Thermometers. 


■K^^ 

mi<b-. 

rt-ofj^"^ 

0 

so.oo 

0 
4S.6S 

0 

0 

60.20 

0.000  1790 
0.000  181S 

100.00 

100.00 

100.00 

100.00 

0.000  1830 

120.00 

120.31 

130.11 

111>.93 

0.000  ISSO 

ttO.OO 

140.18 

140.29 

t;i9.S9 

0.000  1881 

ItiO.OO 

iBo.oa 

16I.U 
181.00 

160.S2 
IM.BO 

159.74 
■79.83 

0.000  1871 
0.000  1881 

200.00 
210.00 

202.78 
223.67 

S0I.2S 
221.82 

199.70 
819.80 

0.000  1891 
0.000  1901 

>*0.00 

aj4.67 

242.S5 

339.90 

0  000  mil 

3ie.so 

216.30 

360.00 

281.79 

268.44 

260.20 

0-000  1921 

WO.00 

287.00 

294.48 

280.S1 

0.000  1931 

S00.00 
SS0.O0 

sto.aa 

308.34 
391.34 

305.72 
327.21 
319.30 

801.08 
331.80 
343.00 

0000  1941 
0.000  19.^1 
0.000  1962 

Column  1  gives  the  temperatures  of  the  air  thermometer  taken 
a'Uio  standard,  which  may  be  regarded  as  very  close  approxima- 

•  M«notrM  At  rinMlMt,  Tom.  XXI.  pp.  139, 828. 
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tions  to  the  tmo  temperaturo.  Column  2  gives  the  correspondiug 
temperatures  which  would  he  indicated  by  a  mercuiy  thermome- 
ter, graduated  in  the  usual  way,  if  the  glass  did  not  expand  it  t&; 
showing  the  error  which  would  be  caused  by  the  vaiyingntatf 
expansion  of  the  mercury  alone.  Column  8  gives  the 
ing  temperatures  indicated  by  a  mercury  thormometec 
flint-glass  (cristal  de  Choissy-le-Boi),  showing  that 
in  part  corrected  by  the  unequal  expansion  of  the 
Column  4  gives  the  corresponding  temperatures  int 
thermometer  of  crown-glass  (verre  ordinaire  do  Paris), 
that  the  indications  of  thermometers  made  with  different 
of  glass  do  not  necessarily  accord.  Finally,  column  5,  giving  die 
coefficients  of  expansion  of  mercury  at  each  temperature  (260), 
is  added,  in  order  to  show  how  rapidly  the  rate  of  expansion  in* 
creases  with  the  temperature. 

It  will  be  noticed  that  the  thermometers  agree  perfectly  at  the 
two  fixed  points  to  which  they  are  graduated.  Moreover,  be- 
tween these  two  points  the  differences  are  comparatively  small, 
since  from  the  very  method  of  graduation  the  errors  are  distrib- 
uted ;  but  above  lOO*'  the  differences  between  the  indications  of 
the  mercury  thermometers  and  the  true  temperatures  are  contin- 
ually increasing.  The  variations  from  the  true  temperature  in 
the  case  of  the  theoretical  thermometer  without  glass  are  very 
large.  In  the  flint-glass  thermometer  the  differences  are  less, 
because  the  varying  rate  of  expansion  of  mercury  is  partially 
corrected  by  that  of  the  glass.  In  the  case  of  the  crown-glass 
thermometer,  there  is  a  singular  anomaly.  This,  on  account  of 
the  remarkable  law  of  expansion  which  crown-glass  obejrs,  keeps 
nearly  in  accord  with  the  air  thermometer  up  to  246'*.30,  at 
which  point  it  coincides  with  it ;  but  above  this  point,  at  which 
they  separate,  the  differences  between  the  two  rapidly  increase. 
It  will  also  be  noticed,  that  the  differences  between  the  temper- 
atures indicated  by  the  thermometers  of  flint  and  crown  glass 
are  quite  large  ;  and  it  is  evident  that  the  last  are  greatly  to  be 
preferred  in  all  scientific  investigations.  Smaller  differences 
have  been  observed  between  thermometers  made  of  varieties  of 
crown-glass  ;  but  they  are  not  of  practical  importance  when 
neither  of  the  varieties  contains  lead. 

The  facts  just  stated  will  be  rendered  clearer  by  Fig.  845, 
which  is  a  geometrical  construction  of  the  results  given  in  the 
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mercury  thermometers.  Tlio  curvf-  On  urn  kIiuhk  lliu  vuiLii' 
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returning  to  its  original  position  after  the  instrument  hu  been 
cooled  for  some  time.  All  tliese  facts  tend  to  show,  that  detenni- 
nations  of  temperature  with  a  mercury  tbennometer  are  liaUe 
to  sources  of  error  which  cannot  always  be  guarded  against;  sad 
it  is  tlierefore  best,  when  gpreat  aceuracj  is  reqwredy  to  snbstitale 
for  the  mercury  thermometer  the  air  thermometer  of  BegWHilti 
which  will  be  described  in  a  future  sectiim* 

(221.)  Siandard  Thernumeieri.  —  Tb» eaxwes of  errwiaiifb 
mercurial  thermometer  already  noticed  arise  from  tlie  rcij  t^ 
ture  of  the  materials,  and  are  inseparably  connected  even  litk 
such  instruments  as  have  been  constructed  with  all  the  refine- 
ments of  modem  science.  Ordinary  thermometers  are  liable  to 
errors  of  construction  of  a  far  greater  magnitude.  It  is  evident, 
from  the  theory  of  the  instrument,  that  unless  the  bore  of  the 
tube  has  the  same  calibre  throughout,  equal  increments  in  the 
volume  of  the  mercury  will  not  cause  an  equal  rise  of  tlie  column 
in  all  its  parts ;  and  the  indications  of  the  instrument,  graduated 
in  the  usual  way,  will  be  more  or  less  erroneous.  Now  it  is 
seldom,  and  probably  never,  the  case,  that  a  thermometer-tube 
has  an  absolutely  uniform  bore.  Hence,  in  making  a  standard 
instrument,  it  is  essential  that  the  tube  should  be  calibrated 
throughout,  and  the  size  of  the  degrees  proportioned  to  the  vary- 
ing diameter  of  the  tube.  This  is  done  by  introducing  a  short 
column  of  mercury  into  the  tube,  gradually  moving  it  from  one 
end  to  the  other  by  means  of  a  small  elastic  bag  tied  to  the  open 
mouth,  and  dividing  the  tube  into  lengths  equal  to  the  lengths  of 
the  mercury-column.  This  length  is  taken  bo  short  that  the 
diameter  of  the  tube  may  be  assumed,  without  appreciable  error, 
not  to  vary  throughout  the  short  distance;  and  when  the  tube  is 
graduated,  each  of  these  lengths  is  divided  into  the  same  number 
of  equal  parts. 

Regiiault,  who  has  very  greatly  improved  the  methods  of  grad- 
uating standard  thermometers,  uses  for  the  purpose  a  dividing 
engine,  similar  to  the  one  represented  in  Fig.  346,  which  is  con- 
structed by  M.  Puboscq,  of  Paris.  It  consists  of  the  iron  frame 
A  Q,  in  which  is  mounted  the  long  steel  screw  H.  This  screw 
is  confined  at  its  two  ends  by  brass  collars,  in  which  it  turns 
freely.  On  the  top  of  the  iron  frame  moves  the  carriage  J5,  to 
which  the  tube  to  be  divided  is  fastened.  Motion  is  communi- 
cated to  this  carriage  by  the  screw  J/,  which  plays  throu^  a 
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•ockot  (irtened  to  tlie  under  side,  and  therefore  iavisiblo  in  tlio 
drawing.     By  turning  the  screvf,  tlio  carriage  ft,  and  tlio  tuho 
I  upon  it,  arc  xuovod  forward  iimU^r  tho  graver,  u,  which 


I  Utochcd  to  a  veiy  ingenious  ap[iar«luR  for  roguhtting  tha 
lengths  of  the  diriniMi-Ujie*,  making  erer^r  Hfili  and  tenth  lln« 
loDf^r  ilian  ttie  rest.  Tltii  dividing  apparatus  u  lui/potiod  oa 
the  nprigtil  piece  of  iron,  P,  which  in  iltelf  Cnul/  failAWMl  lu  tlw 
lrsn>e  uf  tlM  eu^«. 

The  vhola  Talue  of  Dm  apparatus  dcpemb  on  lite  hmg  aereir, 

vbidi  is  made  intli  gnat  care,  and  it*  thrauU  to  adjurtsd  that 

one  rcroliituw  laovea  lonrard  Uie  earria^  muetif  qm  niU^ 

Sfotion  is  ecMBBOBicaicd  to  ilw  aercw  by  Uw  baadla  3t, 

•  tbroaidi  the  oogi  ai  aad  ■  ca  the  hraad  wbcci  opr,  sod 

^  in  iU  turn.  <m  a  ralclie(*«bed  ibiaatd  to  tim  luttd  of  Uw 

V,  attd  moHiig  nMa  the  finl.     TIn  wheel  oprtam  refelve 

I  dinctioa  indqieodenCl/  of  the  ratdM-wJbel  and  the 

;  bat  vhca  tanwd  i»  the  typew'la  Jireclioa.  a  waaU  deiwl, 
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^  w^eat  oyr  a  ditided  ea  belh  aidca  ialo  jifwaa.  and  L>/  a 

of  a  let  of  Mo)»  JM  mm^tm  cas  be  Ikiiiad  to  aaf  «na 
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olutions,  or  to  any  fraction  of  a  revolution.    Let  us  suppose  thit 
the  stops  are  so  adjusted  that  the  wheel  opr  can  turn  thiough 
two  revolutions  and  f^.     Starting,  then,  from  the  first  stop,  and 
turning  the  handle  M  until  the  motion  is  arrested  by  the  second 
stop,  the  screw  Jff  wiU  be  revolved  twice  and  i*^^.    Consequentlf, 
the  carriage  B  will  be  moved  forward  2.64  millimetres.    On 
now  turning  the  handle  M  in  the  opposite  direction,  the  whed 
opr  will  bo  turned  back  to  its  first  position,  without  moving  the 
screw,  and  then,  on  reversing  the  motion,  the  carriage  will  be 
moved  forward  2.54  m.  m.,  as  before,  and  so  on  indefinitely.    If 
at  each  advance  we  make  a  mark  with  the  graver,  a,  it  is  evident 
that  our  tube  will  be  divided  into  lengths  of  2.54  m.  m.,  or  into 
any  other  leiigths  for  which  we  may  choose  to  adjust  the  stops. 

This  engine  may  also  be  used  for  measuring  the  length  of  di- 
visions already  made ;  only  for  this  purpose  a  small  microscope, 
furnished  with  cross-wires,  should  be  attached  to  the  upright,  P, 
at  the  side  of  the  graver.  The  microscope  having  been  adjusted 
so  that  the  cross-wire  is  just  over  the  first  mark  on  the  tube,  and 
the  stops  which  limit  the  motion  of  the  wheel  opr  having  been 
removed,  the  handle  M  is  turned  until  the  cross-wire  is  exactly 
over  the  second  mark,  the  observer  carefully  noting  the  number 
of  revolutions  and  fraction  of  a  revolution  required,  by  means  of 
an  index  provided  for  the  purpose.  Let  us  suppose  10.75  revo- 
lutions are  required  ;  then,  evidently,  the  length  of  the  division 
is  10.75  millimetres. 

In  using  the  dividing  engine  for  calibrating  a  thermometer,  the 
tube  is  adjusted  on  the  carriage  B  so  that  its  axis  shall  be  per- 
fectly parallel  to  the  axis  of  the  long  screw  H.  A  short  column 
of  mercury  having  been  previously  introduced  into  one  end,  the 
length  of  this  column  is  carefully  measured  as  just  described, 
and  the  position  of  its  two  extremities  marked  with  a  fine  hair- 
pencil  on  the  tube.  Adjusting  the  cross-wire  of  the  microscope 
to  the  head  of  the  mercury-column,  this  is  next  pushed  forward 
in  the  tube  through  exactly  its  own  length.  The  length  i« 
again  measured,  and  the  position  of  the  head  of  the  mercury- 
column  having  been  marked  as  before,  the  same  process  is  re- 
peated until  the  tube  is  divided  into  lengths  of  equal  capacity, 
and  their  value  known.  Each  of  these  lengths  is  next  to  be 
divided  into  the  same  number  of  equal  parts,  and  any  convenient 
number  is  selected,  which  shall  give  to  the  degrees  as  nearly  tf 


nbla  the  sute  required.  In  order  to  illiistrato  tlio  method,  let 
Bupposo  tliat  tho  IcDgtlis  between  tlio  jHiiicil-ioai'ka  oi-o  respoct- 
'  as  follovs :  — 

.45  in-iD^     ia^9  m.m.,     18.32  m.m.,     1R.34  m.m..     18.15  m.m., 

that  it  is  decided  to  divide  each  length  into  thirty  degrees, 
lengths  or  tho  degrees  in  the  diifcrcut  divisions  will  then  be, 
BCtivcly, 

.ClAni.m.,     O.C13m.m.,     O.CU  m.m.,     O-GOSm-m.,     O.GO^m.m. 

I  calculation  having  been  made,  the  tube  is  covered  with  a 
ish  such  as  is  used  in  etching,  and  tho  stops  on  the  wheel 

T  (Fig.  346)  so  adjusted  as  to  limit  its  motion  to  O.Glo  of  one 
ilution.     The  point  of  the  graver  is  nlso  adjusted  to  the  first 

icil-niark,  and  a  cut  made  tlirough  the  varnish,  expoBing  the 
The  handle  M  is  now  turned  until  its  motion  is  arrested 

the  stop,  and  another  cut  made.  Tlie  motion  of  tho  handle 
ing  been  reversed,  the  same  process  is  repeated  thirty  times, 
m  the  point  of  the  graver  will  have  reached  tlie  second  pencil- 
■k,  and  thirty  degrees,  each  0.615  m.  m.  in  length,  are  marked 

tbe  tube.     Tlio  adjustment  of  the  stop  must  now  be  changed, 

AS  to  limit  the  motion  of  the  whool  to  0.G13  of  a  revolution, 
,  thirty  more  divisions  made ;  and  so  on  until  the  graduation 
ompleted,  when  the  tube  is  removed  from  tho  engine,  and  tho 
ir«9  which  scr\'e  to  number  the  divisions  are  marked  in  with 
band.  It  only  remains,  now,  to  exposo  the  tube  to  the  vapor 
Suoliydric  acid,  which  corrodes  the  glass  wherever  tho  graver 
exposed  its  Eurface,  and  Gubsequently  to  verify  the  work  by 
Qng  another  column  of  mercury  through  tho  tube.  This 
uld  cover  the  same  number  of  divisions  in  any  position,  and 
.  do  so  if  the  graduotion  has  been  carefntly  performed, 
"he  stem  of  the  thermometer  thus  adjusted,  o  bulb  is  blown 
n  the  end,  or,  what  is  better,  a  cylindrical  reservoir  previously 
is  cemented  to  it  with  a  blowpipe.  The  capacity  of  this 
rvoir  must  be  proportional  to  the  size  of  the  tube,  and  to  tho 
[e  of  temperature  which  the  thermometer  is  intended  to 
IT.  Let  us  suppose  that  it  is  required  that  N  divisions  of 
Oicrmometer  should  correspond  to  lOO"  C,  and  we  wish  to 
w  what  must  be  the  size  of  the  ^cse^^■oir  for  a  given  graduated 
1.  Wo  first  weigh  the  tube,  botli  when  empty  and  when  con- 
88 
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tainin^  a  cbliimn  of  mercury  wliicli  covers  an  olisorvod  nambffof 
divisions.  Tliis  gives  us  the  weight  of  mercury,  tr,  oc«upyuif  ft 
divisions  of  the  tube.  From  this  wc  obtain  N — ,  the  teeigU  of 
mercury  whicli  vill  fill  JV  divisions,  and  by  [M]   jV"  -/g  ary 

the  corresponding  volume.  But  this  volume  represents  the  ft 
pansion  which  tlic  mercury  in  the  reservoir  of  our  proposed  llie> 
mometer  must  undergo  when  heated  from  0°  to  100'.  No»  *« 
know  that  the  apparent  expansion  of  mercury,  under  tli«se  cii* 
eumstaiiccs,  is  ^\  of  its  volume  at  0°.  Rcproscnting,  tlien,  ti;  ^ 
the  unknown  volume  of  tlie  resenoir.  we  shall  have 


■k=-!f: 


(^>.&.)' 


anJ      V—QaN- 


(SKffJ- 


[155.] 


If  the  reservoir  is  spherical,  V^  J  jt  D',  from  which  wo  eai 
calculate  the  required  diameter  ;  and  if  it  is  cylindricii. 
V-=  i  n  D'  k,  from  which  we  can  approximalively  det«rmino 
the  required  length,  A,  when  the  diameter  is  known. 

The  tube  and  bulb  are  now  filled  with  perfectly  pure  mcretirj, 
and  the  fixed  points  marked  upon  it  in  the  usual  way,  when  the 
thermometer  is  finished  and  ready  for  use.  The  divisions  marked 
upon  a  thermometer  so  constnictod  are  not,  of  course,  degrees  of 
either  of  the  three  scales  mentioned  in  (218)  ;  but  it  is  always 
easy  to  calculate  from  the  indications  of  tliis  arbitrary  scalo  tlin 
corresponding  degrees  of  the  Centigrade  scale.  We  ascertain,  \ij 
observation,  the  number  of  divisions  on  the  thermometer  bctwwn 
the  freezing  and  boiling  points,  which  we  may  represent  by  jV, 
and  also  the  number  of  the  divisions  on  the  arbitrary  scale  com;- 
sponding  to  the  freezing-point  (the  zero  of  the  Centigrade  scale). 
Represent  this  number  by  «,  the  degrees  of  the  Centigrade  eenk 
by  C,  and  those  of  the  arbitrary  scalo  by  A".    Vi'o  luiTO,  tben. 

N=100'C.,aiidC'-  =  ~(A'~ny  Suppose,  for  exampl«, 
that  thero  are  354  divisions  on  the  arbitrary  scale  between  tlie 
fised  points,  and  that  the  freezing-point  is  at  tlic  182d  dirisjon 
from  the  bottom  of  tlio  scale ;  and  let  it  be  required  to  detenninQ 
to  what  temperature  the  230th  division  corresponds  iu  Centi- 
grade degrees.  We  shall  hove,  C  =  HJ  (230  — 132)  =  27.08. 
It  is  usual  to  prepare  a  table  for  each  thermomelor  thus  con* 
structod,  giving  the  temperature  in  Oentigrade  degrees  casft- 
spending  to  every  division  of  the  tube. 


447 


the  scale  of  a  standard  tbcrmomcter  Blioiiid  alvnys  bo  en- 
graved on  tlie  glass  stem,  as  iii  Fig.  347  ;  since,  if  it  is  engraved 
on  a  strip  of  inotal  or  ivorv  fastened  ti>  tlm 
tube,  the  expansion  of  the  scale  introduces  new  A 
courcGs  of  error  into  tlic  instrument.  It  is  also  ^' 
csoentUl  for  a  good  Btandard,  that  it  stiould  in- 
clude tlio  boiling  and  freezing  points  upon  its 
scale.  Where  a  largo  range  is  required,  tho 
prcat  length  which  this  involves  may  bo  best 
avoided  by  making  several  thermometers  with 
continuous  scales,  and  enlarging  tho  tube  of  each 
itutrumeut  at  those  parts  which  arc  covered  by 
tlie  scales  of  the  other  thermometers  of  the  set. 
A  thermometer  i-o  constructed  is  represented  in 

ig.&48,  although  the  enlargement  is  very  greatly 

grated.      It  is  possible  in  this  wny  to  di- 

I  each  Centigrade  degree  into  twenty  parts, 

3  yet  include  both  of  the  fixed  points  on  tho 

a  length  of  the  degrees  of  a  thermometer, 
and  hence  its  sensibility  to  small  differences  of 
temperature,  depends  upon  the  size  of  the  reser- 
voir as  compared  with  that  of  the  tube,  and  can 
be   increased   by   the   maker  at  pleasure.      No 
ftdrantage,  however,  is  gained  by  increasing  the 
length  of  the  degrees  on  the  stem  beyond  a  lim-     jj,~^;      j,   g^g 
iti.'d  extent ;  since,  on  account  of  the  imperfcc- 
lions  of  the  instruments  noticed  in  the  last  section,  it  is  useless 
^to  subdivide  tho  Centigrade  degree  ilnto  more  than  twenty  parts, 
^^■d  only  the  most  carefully  constructed  standards  will  bear  as 
^He&t  a  subdivision  as  tliis.     Even  when  the  scale  is  graduated  to 
^Bventieths,  it  is  possible  for  a  practised  eye  to  estimate  the  buu- 
drcdtli  of  a  Centigrade  degree. 

It  is  evident  that  the  smaller  the  absolute  size  of  the  bulb,  the 

Kre  rapidly  a  thermometer  will  be  affected  by  changes  of  tem- 
trfuro;  and  hence  it  is  always  best  to  make  the  bulb  as  small 
circumstances  will  permit,  and  also  to  give  to  it  a  long  cylin- 
cal  shape,  which,  for  the  same  volume,  exposes  a  much  greater 
BOrfhce  for  the  entrance  of  beat  than  a  sphere. 
Tho  siw  of  tho  cohunn  of  mercury  in  the  stem  of  a  thermom- 
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eter  is  so  small,  as  compared  with  that  of  the  stem  itself,  that  it 
is  essential,  in  order  to  avoid  the  parallax  caused  bj  the  thick- 
ness of  the  glass,  to  place  the  eye  in  reading  on  a  level  with  the 
surface  of  the  column.  The  scale  of  a  delicate  thermometer  is 
always  best  read  through  the  telescope  of  a  cathetometer  (¥)%• 
260),  placed  at  a  sufficient  distance  to  prevent  the  heat  of  the 
body  from  affecting  the  instrument. 

(222.)  In  using  a  standard  thermometer,  it  is  important  to 
immerse  both  the  bulb  and  the  stem  in  the  medium  whose  tem- 
perature is  to  be  measured ;  for  if  the  stem  of  the  thermometer 
is  exposed  to  a  lower  temperature  than  the  bulb,  the  whole  of  the 
mercury  will  not  be  equidly  expanded,  and  the  thermometer  vill 
indicate  too  low  a  temperature.  Since  in  testing  the  tempera- 
ture of  a  small  quantity  of  liquid  this  complete  immersion  of  the 
thermometer  is  impossible,  it  is  necessary  in  such  cases  to  add  to 
the  observed  temperature  a  small  correction,  which  becomes  veij 
important  when  the  temperature  of  the  medium  greatly  exceeds 
that  of  the  air. 

In  order  to  illustrate  the  method  of  calculating  the  correction, 
let  us  suppose  that  the  thermomet^Br  is  used  for  testing  the  tem- 
perature of  an  oil-bath  ;  and  that,  while  the  bulb  and  a  portioa 
of  the  stem  are  immersed,  the  greater  part  of  the  mercury- 
column  is  above  the  surface  of  the  liquid,  as  represented  in  Fig. 
401.  It  is  now  required  to  determine  how  much  higher  the  the^ 
mometer  would  stand  if  the  whole  column  were  exposed  to  the 
same  temperature  as  the  bulb.  For  this  purpose,  we  will  repre- 
sent the  different  quantities  entering  into  the  calculations  as 
follows :  — 

X  =  the  unknown  temperature  of  the  bath. 

f*         =  the  temperature  indicated  by  the  thermometer. 

ti^        =  the  mean  temperature  of  the  mercury  in  the  stem,  ascertained 

by  placing  in  contact  with  it  the  bulb  of  a  small  tbermome 

ter  at  about  mid-height  of  the  column* 
$  =  the  number  of  degrees  which  the  portion  of  the  mercary-cohmu 

above  the  sur&ce  of  the  bath  occupies  in  the  thermometer 

tube. 
f — ti^z=:  the  difference  of  temperature  between  the  bulb  and  the  stem 

approximadvely. 

It  is  evident  that,  if  the  temperature  of  the  mercury  above 
the  surface  of  the  bath  were  increased  t^  — tt""^  the  thermometer 
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«I(t  indicate  tho  tnio  tontpcrature :  eo  that,  to  find  tlie  cor- 

1  required,  wo  have  only  to  calculate  how  much  a  culunm 

of  tnorcury  mcaBiiring  0  degrees  on  the  scale  will  inci'eaBe  in 

length  when  its  temperature  is  raised  t"  —  (,".     Tlio  apparent 

expansiou  in  gluRs  of  a  given  volume  of  mcrcurj,  amounting  for 

ti  degree  of  temperature  to  s%'sti>  ^>"  amount  fur  l'  —  t°  to 

-  of  the  whole.     Hence,  a  quantity  of  mercury  which  fills 

I  of  a  thcrmomctcr-tuhc  will  fUl  1  -(-  -s^A  degrees 

t  the  same  tube  after  its  temperature  lias  risen  ('  —  l,"  ;  and  in 

manner  a  quantity  of  mercury  which  fills  0  degrees  of  a 

nometer-tiiho  will  fill,  afler  tlie  same  rise  of  temperature, 

•-  -   ,-71^^-  ■    degrees.     In  otiier  words,  the  column  of  mer- 

D.'HiO  °  g.^o  J  a, 

f  above  the  surface  of  the  batli  would  rise   —   j..,y^-'       de- 
ses,  if  its  temperature  were  raised  to  that  of  the  bath.     This, 
I,  la  the  correction  required,  and  wo  have,  in  any  case, 


=  '•  + 


G3»0 
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F  Since  tho  mean  temperature  of  the  mercury-column  can  never 

I  accurately  determined,  there  is  always  an  uncertainty  in  re- 

1  to  the  value  of  the  corrcctiim  ;  and  it  is  therefore  best,  wlicn 

icticable,  to  avoid  the  necessity  of  any  by  immersing  the  whole 

1  in  the  hath. 

F(228.)  A  thermometer  indicates  temperature  by  either  receiv- 

}f  or  imparting  heat  until  its  own  temperature  is  the  same  as 

|at  of  the  body  tested.     It  is  therefore  evident  that,  unless  the 

ipperature  of  the  body  is  maintained  constant  by  accessions  of 

t  from  some  external  source,  a  thermometer  will  give  correct 

Itcations  only  when  its  own  mass  bears  a  very  hiconsiderable 

tortioQ  to  that  of  the  body.     This  very  obvious  fact  must  he 

reftilly  borne  in  mind  while  using  the  instrument ;  and  when 

t  quantity  of  heat  which  the  thermometer  receives  or  imparts 

Appreciable,  tho  change  of  temperature  which  is  thus  caused 

ttbe  body  must  ha  calculated,  and  the  observations  corrected 

Ktrdiogly.     The  student  will  be  aljle  to  devise  methods  by 

tich  Uie  correction  can  in  any  given  case  be  estimated,  after 

ld>HDg  the  sections  on  Specific  Heat. 

tot  further  information  in  regard  to  the  construction  and  use  of 
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Etaiidard  thermometers,  we  would  refer  the  student  lo  llio  vd- 
urae  of  memoii-s  of  Regimult  already  noticed,  and  lo  a  nute  lij 
J.  I,  Pierre,  publUhed  iii  the  Annates  de  Ckimie  et  de  nyiu/se, 
3*  Serie,  Tom.  V.  p.  428. 

(224.)  House  Thermometers. — The  scales  of  ordinary  tlier- 
mometers  are  graduated  on  strijts  of  wood,  metal,  or  ivory.  W 
wliich  tlie  tube  is  subfiequently  attached  (Fig.  W9). 
Such  thermometers  are  less  fragile  and  mons  ewilj 
read  than  those  graduated  ou  tho  st<-iu,  and  ul  tlic 
same  time  are  fufficiontly  accurate  for  dotormininE 
the  temperature  of  a  l>at)i  orof  a  room,  ami  formuit 
meteorological  observations.  They  arc  not,  hovrover, 
usually  graduated  from  the  two  llxod  points,  as  d^ 
Bcribed  in  (218),  but  by  comparison  with  a  GtanJaH 
thermometer.  Fur  this  purpose,  the  instnimcnt  lobe 
graduated  and  the  standard  are  dipped  tngetherinto 
a  bath  of  water.  Care  being  taken  to  malutaia  lb« 
water  at  the  same  temperature  for  sumo  time,  Ilie 
uiimber  of  degrees  indicated  by  llio  Btandard  fstliai 
marlccd  on  the  stem  of  the  new  instrument  at  tbc 
level  of  the  mercury-column.  In  the  tame  way,  bj 
changing  tlio  temperature  of  tho  bath,  several  otlief 
points  are  determined.  Tiieso  are  subseiiDenll; 
transferred  to  tho  strip  on  which  tlic  st-ale  is  to  be 
engraved,  and  the  distance  between  them  divided 
into  the  number  of  degrees  required. 

It  has  been  found  almost  impossible  to  maintaio 
a  liquid  bath  at  tiio  same  tomperaturu  in  all  its  putt 
for  any  length  of  time,  when  tins  temiicraturu  «»• 
siderably  escecds  that  of  the  air  ;  so  that  wo  caniwt 
be  certain  that  two  thermometers,  dipped  into  (to 
bath  side  by  side,  have  been  eipogcd  to  exactly  Itw 
same  degree  of  heat.  Tlie  method  of  graduatioo 
just  described  ought,  therefore,  never  to  be  used  for  an  instru- 
ment of  precision  ;  but  it  is  sufficiently  accurate  for  common 
house  thermometers.  These  instruments,  when  well  made,  mty 
be  relied  upon  to  within  a  Fahrenheit  degree  bctwoon  tho  two 
fixed  points ;  but  beyond  these  points,  and  especially  heloW'^ 
freezing-point,  they  are  frequently  very  erroneous, 
mometers  hanging  side  by  side,  which  have  boon  made 
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makers  with  their  usual  care,  vill  not  unfrequently  difTcr  seTeral 
degrees  wlien  the  temperature  is  belOT  0*  i".,  —  a  fact  which 
accounts  for  the  great  discrepancies  in  the  observationB  of  low 
temperatures. 

(225.)  Thermometers  filled  with  other  Liquids.  —  Mercury 
boils  at  300°  C.  and  freezes  at  — iO°,  and  the  range  of  a  mer-  . 
cuiy  tlierraoineter  is  necessarily  confined  within  these  limits  of 
temperature.  Moreover,  near  its  freezing-point  the  rate  of  ex- 
pansion of  mercury  becomes  very  irregular,  and  its  indications 
cannot  be  relied  upon  below  — 36°,  or  even  — 35°  C.  Degrees 
of  temperature  above  3fi0°  arc  measured  by  means  of  a  class  of 
instruments  called  pyrometers,  which  will  be  described  in  con- 
nection with  the  laws  of  cspausion  of  solids  and  gases  ;  while 
for  temperatures  below  — 35°,  we  use  thermometers  filled  with 
alcohol,  or  other  liquids  which  do  not  freeze  even  at  these  great 
degrees  of  cold. 

There  ia  no  other  liquid  which  can  bo  compared  with  mercury 
in  its  fitness  for  filling  thermometers.  The  great  range  of  tem- 
perature between  its  freezing  and  boiling  points,  the  fact  that  it 
does  not  adhere  to  the  surface  of  glass,  and  that  it  can  readily 
be  obtained  perfectly  pure,  are  all  circumstances  which  pecu- 
liarly adapt  it  to  therraomctric  purposes.  It  is  true,  as  we  have 
Been,  that  the  rate  of  its  expansion  increases  with  the  tempera- 
hire  ;  still,  between  the  two  fixed  points  the  change  is  so  slight 
that  tlie  indications  of  the  thermometer  are  not  perceptibly  af- 
fected by  it.  This  is  not  tmo  of  thermometers  filled  with  any 
other  liquid.  Such  thermometers,  when  graduated  on  the  same 
principle  as  the  mercury  thermometer,  give  results  which  are 
entirely  at  variance  both  with  it  and  with  themselves.  For  ex- 
ample, Deluc  obtained  the  following  comparative  results  with 
thermometers  filled  with  mercury,  oil,  alcohol,  and  water.  The 
numbers  in  the  same  vertical  column  of  the  table  are  the  tem- 
peratures indicated  by  these  several  thermometers  wheu  immersed 
in  the  same  bath. 


Mercury,  —12.5     —6.25  0  25.0  50.0  75.0  100 

Oil,  0  24.1  49.0  74.1  100 

WjLli  1    I,  —9.6    — 4.S0  0  20.G  43.0  70  S  100 

Harmter,  0  5.1  25.6  57.3  100 
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Similar  results  were  also  obtsdned  by  M.  Pierre,  in  hisTerf 
extended  investigation  of  the  expansion  of  liquids,  during  wluch 
he  compared  thermometers  containing  twelve  different  Uquids 
with  the  mercury  thermometer.  As  is  shown  by  tlie  aboTe  ta- 
ble, he  found  the  water  thermometer  the  most  defective.  The^ 
mometers  filled  with  alcohol  or  with  sulphide  of  carbon  gave 
less  erroneous  results  ;  but  of  all  the  liquids  he  examined,  com- 
mon ether,  chloride  of  ethyle,  and  bromide  of  ethyle,  were  least 
irregular  in  their  rate  of  expansion,  and  are  therefore  best 
adapted,  after  mercury,  for  filling  thermometers. 

Nevertheless,  alcohol  thermometers  are  generally  used  for 
measuring  very  low  temperatures.     They  are  graduated  by  coni" 
parison  with  standard  mercury  thermometers,  in  the  way  described 
in  the  last  section,  taking  care  to  have  a  large  number  of  points 
of  comparison,  which  should  be  as  near  together  as  possible.   But 
even  when  graduated  with  the  greatest  care,  such  thermometers 
do  not  give  indications  which  accord  with  each  other,  or  with  a 
mercury  thermometer.     Captain  Parry,  in  his  Arctic  voyages,  ob- 
served differences  of  10®  C.  between  alcohol  thermometers  of  the 
best  makers ;  and  similar  facts  were  noticed  both  by  Franklin  aod 
by  Kane.     These  discrepancies  unquestionably  originated  in  part 
from  the  impurity  of  the  alcohol,  or  from  other  errors  of  coii- 
struction  ;  but  they  arc  also,  to  a  certain  degree,  inherent  in  the 
thermometer  itself.     An  accurate  instrument  for  measiiring  low 
temperatures  is  still  one  of  the  great  desiderata  of  science. 

(226.)  Maximum  and  Minimum  Thermometers.  —  It  is  fre- 
quently desirable  to  have  the  means  of  determining,  without  the 
aid  of  an  observer,  the  highest  or  lowest  temperature  which  has 
occurred  during  the  night,  or  any  other  interval  of  time ;  and 
for  this  purpose  a  great  variety  of  self-registering  thermometers 
have  been  invented.  One  of  the  simplest  is  that  of  Rutherford 
(Pig.  350).  Tliis  consists  of  two  thermometers,  fastened  to  a 
plate  of  wood,  or  some  other  material.  The  tubes  of  the  ther- 
mometers are  bent  at  right  angles  just  above  the  bulbs,  as  rep- 
resented in  the  figure,  and  the  instrument  when  in  use  is 
suspended  by  a  cord,  so  that  the  two  stems  shall  be  in  a  horizontal 
position.  The  upper  thermometer  is  filled  with  mercury,  and  in 
front  of  the  mercury-column  a  short  piece  of  iron  wire  is  placed 
in  the  tube  (seen  at  -4),  which  is  pushed  forward  by  the  mercury 
and  left  at  the  highest  point  which  the  column  reaches,  thus  indh 


HEAT.  458 

l&rtg  llio  masimum  temperature.  Tho  lower  tlicrmnmctfr  i» 
i  Willi  alcohol,  and  tho  tui)o  contains  a  Email  eiinmi>l  i-ylimlcr 
I  at  U),  surrounded  liy  the  liquid.  As  tho  alcohol  ox|iiuidii, 
lily  passes  by  the  cnamol  cylinder ;  but  wlicu  it  cuiiti-ucts, 


it  eylinder  is  drawn  Imclc  with  tho  rocodin$;  column,  ami  led  at 
1  lowest  {K>iut,  indicating  lliu  tninimum  Ictnpt'rsturo  duriufc  tho 
>  period.  Al^cr  each  ol>M:rTation,  tli«  enamel  eyliixler  ii 
mglit  t<)  the  end  of  Ilic  alcjhol-column  by  inclining  llie  initru- 
nt;  and  in  like  mauner  tlie  iron  wire  la  restored  to  Uie  «ud 
llbe  tncnnirT-coloQui  bj  meaits  of  a  nMgiict. 

1ie  iron  wire  in  llw  tube  of  Batfaerford's  ntaiiniani  thenoDn»- 

r  is  lialilo  tu  Urcome  inuncnod  in  tlie  mereufT',  if  tbo  iaatrO' 

jot  is  not  carefully  handled ;  uid  wlicn  tliis  accident  ur'run,  it 

'  difficult  to  mnedy  tlie  evil  wltlfjiil  rcfilliuf^  lb<!  tube. 

t  utd  Zsnibtm  Imto  inveuted  a  maximum  titcnnffneler 

I  u  not  open  to  tbo  mme  objectioo*.    Between  llio  bend  d 


tKKoetrr  %  ttaaU  p-id  4/ 


mlrj  ffj*  ifiiin  «f  (hit  i 

.  :..i.lhe  I 
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column  at  the  highest  point  it  had  attained.    On  tormng  tlie 
thermometer,  so  that  its  stem  shall  have  a  Tertieal  position,  the 
mercury  readily  passes  back  to  the  bulb,  in  virtue  of  its  wei^t 
Walferdin's  maximum  thermometer  is  represented  in  Fig.  851 
It  is  made  like  an  ordinary  mercury  thermometer,  only  tlie  upper 
part  of  its  stem  is  surrounded  by  a  reservoir  containing 
A        mercury,  which  is  so  arranged  that,  when  the  instrument 
I A       is  inverted,  thfe  end  of  its  tube  dips  under  the  mercmy 
to|  u     in  the  reservoir.    No  graduation  on  the  stem  is  neces- 
sary ;  but  before  the  instrument  is  to  be  used,  the  bulb 
must  be  heated  until  tlie  mercury  overflows  the  end  of  the 
tube.    It  is  then  inverted ;  when,  on  cooling,  the  mercoir 
rises  from  the  reservoir  by  mechanical  adhesion,  com- 
pletely filling  the  stem.     If  the  thermometer  is  now 
replaced  in  position,  its  bulb  and  tube  being  full  (^ 
mercury,  it  is  evident  that,  as  the  temperature  rises,  the 
mercury  will  gradually  flow  over  from  the  tube  into  the 
reservoir ;  and  when  the  temperature  subsequently  Ms, 
the  mercury,  contracting,  will  leave  an  empty  space  at 
the  top  of  the  tube.     The  highest  temperature  to  which 
the  instrument  has  been  exposed  is,  then,  that  at  which 
the  mercury  remaining  in  the  bulb  and  stem  just  fills 
them  both  completely ;  and  this  can  be  ascertained  by 
comparison  with  a  standard  thermometer,  placing  both 
in  a  water-bath,  gradually  heating  it,  and  observing  the 
temperature  indicated  by  the  standard  when  the  mercu- 
rial colunm  reaches  the  top  of  the  stem. 

The  same  principle  has  been  applied  by  Walferdin  for 
Fig.  852.  measuring  very  small  differences  of  temperature.  The 
thermometer  for  this  purpose  may  be  constructed  in  pre- 
cisely the  same  way,  only  it  is  made  extremely  sensitive,  so  that 
an  expansion  corresponding  to  four  Centigrade  degrees  would 
raise  the  mercury-column  through  the  whole  length  of  the 
stem.  The  stem  is,  moreover,  very  carefully  graduated  into 
parts  of  equal  capacity,  each  division  corresponding  to  a  very 
small  fraction  of  a  degree.  To  show  how  this  thermometer  is 
used,  let  us  suppose  that  we  wish  to  observe  the  temperature  at 
which  water  boils  under  different  atmospheric  pressures,  where 
the  whole  possible  variation  is  between  101**  and  98*.  We  should, 
in  the  first  place,  expose  the  instrument  to  a  temperature  of  101**| 
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B5  iutlicat«d  liy  a  standard  thermometer,  and  Trait  until  the  ex- 
eesB  of  mercury  had  overflowed  into  the  upper  reservoir,     Ou 
T  Allowing  the  tcmpemturo  to  full,  tlio  mercury-cotuiun 
Dl  mpidly  sink  in  the  tuhe,  aud  at  07°  will  already  have     i^ 

hded  into  the  hulb,  Tho  thermometer  is  now  in  con- 
SioD  Iti  raoosiire  with  great  accuracy  differences  of  tem- 
Bture  Iwtween  9H*  and  101°  ;  and  in  like  manner  it 
tft;  he  adjusted  to  any  other  range  of  four  degrees.  If, 
r  oxotnplo,  tho  division  on  tho  stem  correepond  to 
uiiidtlis  of  a  Centigrade  decree,  and  we  observe  a 
lerttnce  in  tho  boiling-point  of  water  under  two  differ- 
t  presHUrcR  equal  to  fifteen  of  these  divi^ons,  we  con- 
■ido  that  tlio  temperature  is  0.015  of  a  degree  higher 
i  one  cose  than  in  the  other.  8inco  tho  quantity  of 
iUTj  which  forms  tlio  thermometer  differs  with  tho 
bgo  of  the  instrument,  it  is  cvidontly  necessary  to  de- 
ine  tho  value,  in  fractions  of  a  Centigrade  degree,  of 
!  of  its  divisions  after  each  adjustment.  The  form  of 
r  reproHontod  in  Fip,  352  is  difficult  to  make,  and 
3  is  goucruUy  substituted  for  it  a  simple  enlargement 
r  the  upper  end  of  tlio  tube,  as  represented  in  Fig.  353. 
)  nock  of  the  bulb  B  is  strangled  at  C,  so  that  a 
;ht  tup  given  to  the  tube  while  tlie  instrument  is  cool- 
l  causes  the  column  to  break  at  that  jioint,  leaving  the  m  sgs. 
s  of  mercury  in  the  bulb. 
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THEEMOSCOrES. 

'  (227.)  Air  Thermometers.  —  Tiie  name  tlicrmoscope  (BtpiiTi, 
aKonriia)  is  a  convenient  designation  for  a  class  of  Instruments 
which  are  used  chiefly  for  detecting  slight  changes  of  tetnper- 
?e,  and  not,  like  the  thermometer  (depfit],  fterpov},  fur  de- 
mining  its  value  in  degrees.  In  a  large  number  of  tlicrmo- 
u,  these  variations  are  indicated  by  the  change  in  volume 
!  confined  air,  which  not  only  expands  very  regularly  and 
tiflkly,  but  also  to  a  very  much  greater  degree  than  liquids,  for 
t  tame  incrcaso  of  temperature.  Such  instmmonta  are  fro- 
lently  called  air  theminmctflrs ;  hut  they  must  not  be  con- 
inded  with  tlie  air  thermometer  of  Regnanlt,  which  gives  the 
Wl  accurato  measures  of  temperature  that  wc  can  attain. 
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The  air  tlicrmometer  represented  in  Fig.  854  is  ascribed  to 
Sanctorius,  an  Italian  philosopher  of  the  seventeenth  century, 
and  is  supposed  by  some  to  have  been  the  first  instrument  used  tx 
measuring  temperature.  It  consists  of  a  bulbed  tube,  whose  ex- 
tremity rests  in  an  open  yessel  containing  colored  water,  which 

also  partially  fills  the  tube.  When  the  bulb  is 
heated,  the  liquid  falls  in  the  tube,  and  rises 
when  the  bulb  is  cooled.  The  tube  is  genenlly 
fastened  to  an  upright  piece  of  wood,  on  which 
a  scale  of  equal  parts  is  painted.  In  another 
form  of  the  same  instrument  (Fig.  355),  the 
expansion  of  the  air  is  indicated  by  the  motion 
of  a  drop  of  colored  liquid  in  the  stem  at  A. 
These  instruments  are  evidently  affected  by 
the  varying  pressure  of  the  atmosphere,  and 
are  necessarily  imperfect. 

The  same  objection  does  not  apply  to  the  dif- 
ferential thermometer  of  Leslie,  used  by  him 
in  his  experiments  on  the  radiation  of  heat 
This  consists  (Fig.  356)  of  two  bulbs  con- 
nected together  by  a  glass  tube  bent  twice  at  right  angles.    The 
bulbs  contain  air,  and  the  connecting  tube  is  half  filled  with  col- 
ored liquid,  wliich,  when  the  thermometer  is  at  rest,  stands  at  the 


ng.  854.  rig.  865. 


Fig  856. 


ng.867. 


same  height  in  the  two  limbs  of  the  sipnon,  and  remains  in  this 
position  so  long  as  the  two  bulbs  are  equally  heated.  Any  dif- 
ference in  the  temperature  of  the  two  bulbs,  however,  is  at  once 
indicated,  as  represented  in  tlie  figure,  by  a  difference  of  level  in 
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the  two  liquid  columns,  and  can  be  measured  by  means  of  tho 
scales  paijitcd  on  the  wooden  frame  which  supports  t!io  tulje. 
This  is  the  only  thermoscope,  of  its  class,  of  any  scientific  value. 
In  a  limited  number  of  cases  it  furnishes  an  instrument  of  great 
utility  and  delicacy,  and  its  indications  arc  comparable  with  each 
otlier. 

Rumford's  differential  thermometer  (Fig.  357)  is  merely  a 
slight  variation  of  Leslie's,  tlie  difference  in  the  tcmiierature  of 
tlie  two  bulbs  being  indicated  by  the  motion  of  a  drop  of  fuI- 
plmric  acid  along  the  horizontal  tube,  which  is  made  somewhat 
longer  than  in  Leslie's  instrument,  and  surnioujited  by  a  scale  of 
equal  parts.  There  are  several  other  forms  of  air  thermometers, 
but  they  are  not  of  sufficient  importance  to  require  notice. 

(228.)  Thermo^mulliplUr.  —  Dutof  all  instruments  fur  detect- 
ing and  measuring  slight  differences  of  temjicrature,  by  far  tlie 
most  delicate  and  accurate  is  the  tliermo-multiplier  of  Nobili  and 
McUoni.  The  principle  on  wliich  tliis  instrument  is  based  was 
discovered  by  Seebeck,  of  Berlin,  in  1822,  and  may  be  briefly 
stated  thus. 

If  two  metallic  bars,  of  difforcnt  crystalline  texture  and  unequal 
conducting  powers,  are  united  at  one  end  by  solder,  and  the  point 
of  junction  heated,  a  current  of  electricity  is  ex- 
cited, which  flows  from  tlie  point  of  junction  to- 
wards the  poorer  conductor.  Thus,  if  the  junction 
of  two  bars  of  bismutli  and  antimony  (Fig.  358) 
is  heated,  and  their  free  ends  are  connected  by 
wires,  the  current  flows  from  tho  antimony  to  the 
bismuth  at  the  junction,  and  from  the  bismutli  to 
the  antimony  oa  the  conducting-wiro  connecting 
the  free  ends  of  the  bars.  If  cold,  instead  of  heat, 
is  applied  to  tlie  junction,  a  current  is  also  established,  but  in  the 
opposite  direction.  Simihir  results  can  Iw  obtauied  with  other 
metals,  wliich  may  be  arranged  in  a  thermo-electric  series  in  the 
following  order  :  bismuth,  platinum,  lead,  tin,  copper  or  silver, 
zinc,  iron,  antimony.  The  most  powerful  combination  is  formed 
of  those  metals  which  are  most  distant  from  each  other  in  the 
list,  and  in  every  case,  when  the  junction  is  heated,  the  current 
flows  through  the  conducting-wiro  from  those  which  stand  fii-st 
to  those  which  stand  last. 

The  most  powerful  current  is  produced,  as  the  abov 
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shows,  hj  tliQ  combination  of  bismuth  and  antimony ;  bnt  a  m^ 
pair  of  bars,  even  of  tiiese  metaU,  produoea  only  a  very  k^ 
effect.  The  force  of  the  electric  current  can,  howerer,  bevaj 
greatif  increased  by  uniting  leather  several  palta  of  these  lim, 
as  represented  at  a  b.  Fig.  B59,  and  connecting  tc^tlier  the  fiw 
end  of  tiio  fii-st  bismuth  bar  with  that  of  tiie  last  antimony  bir. 
Such  au  arrangement  is  called  a  tkertao-eleclric  pUe.    Suioe  tbe 
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force  of  the  current  is  not  found  to  depend  on  the  size  of  tlio  bm, 
they  may  be  made  very  small  ;  in  Melloui's  thermo-multtplier 
thirty  pairs  of  bismuth  and  antimony  bars  are  packed  away  in  tbe 
small  brass  case,  c  d.  Fig.  359,  not  more  than  two  or  three  centime 
trcs  long.  Tiic  soldered  ends  of  these  pairs,  called  the  faces  t^ 
the  pile,  are  seen  at  c  and  d;  and  the  two  cups,  o,  ff,  called  the 
polex  of  the  pile,  are  directly  connected  with  the  free  ends  of  thB 
two  terminal  bars.  Finally,  the  faces  of  the  pile  are  protected  from 
any  lateral  action  by  a  brass  cap,  I,  blackened  inside,  and  having 
a  movable  screen,  e,  in  front,  or  by  a  brass  cone  polished  on  its 
interior  surface,  which  serves  to  concentrate  the  rays  of  heat 

When  the  two  faces  of  tiie  tiienno^slectric  pile  are  equally 
heated,  no  electrical  disturbance  results  ;  but  the  slightest  differ- 
ence of  temperature  causes  a  flow  of  electricity  through  Uie  wire 
connecting  the  two  poles.  Tlie  direction  of  the  current  is  deter- 
mined by  the  relative  positions  of  the  bars,  always  following  the 
rule  stated  above.  The  force  of  this  current,  although  much 
greater  than  that  of  the  current  from  a  single  pair  of  bars,  is 
still  feeble,  and  can  only  be  detected  by  a  very  delicate  galva- 
nometer.   Tliis  instrument  will  be  described  in  detail  hereafter. 


bis  Gufliciont,  for  tho  present,  to  staio  titat  it  is  an  application 

7  Uie  nsmnrknble  facts  discovered   by  Oersted  in  1820.     Tliis 

emiitcut  jiliysiciiit  observed,  tliat,  if  a  con  ducting-wire  tlironglt 

which  an  electric  cturent  is  passing  is  placed  diroctly  over  and 

parallel   to  a  magnetic  needle 

(Fig.  SCI),  Uio  north  polo  of 

the  needle  is  deflected  to  the 

right  or  to  the  left,  according 

Itlio  direction  of  the  current. 

■tho  conducting-virc  is  placed 

pdcr   the    noedlo,    it    is   also 

Aectod,  but  ill  the  opposite 

■ction.     Hence,  if  the  con- 

ing-wire  is  formed  into  a 

and   placed   around   tho 

He,  and  at  the  same  time  parallel  to  it,  in  such  a  manner  that 

a  current  oiay  tlow  from  north  to  south  above  tlie  needle,  and 

1  south  to  north  below  it,  tho  two  portions  of  the  wire  will 

JDspire  to  dollect  the  needle,  and  the  effect  of  one  and  the  same 

•ent  will  bo  doubled.     By  turning  the  wire  again  round  the 

oeedle,  the  effect  of  tho  same  current  will  be  quadrupled,  and  by 

repeating  the  turns,  as  in  Fig.  302,  tho  deflecting  force  may  bo 

^aaultiplied  to  a  very  great  extent ;  and  thus  the  deflections  of  a 

^ftpgnetic  needle  may  become  the  means  of  detecting  a  very  feeble 

^^Bkctric  current.     The  galvanometer  represented  in  Fig.  SCO  is  a 

^^Hroct  application  of  this  principle.     Tho 

conducting- wire,  which  is  covered  with  sillc, 

is  wound  round  tlie  ivory  framo  aba  great 

inbcrof  times,  and  terminates  at  the  two 

'.     The  magnetic  needle  is  sus- 

>  as  to  oscillate  freely  within  the 

try  frame,  by  means  of  a  single  strand  of 

P  nlk,/;  and  when  nt  rest,  its  axis  is  parallel  to  the  turns  of 

i  couductin^-wire.    Parallel  to  the  first  needle,  and  immovably 

ineeted  witli  it,  is  a  second  needle,  I,  which  oscillates  just  alwvo 

radualed  arc,  and  thus  indicates  the  amount  of  deflection. 

a  needle  also  serves  anotlier  purpose.    Its  north  pole  is  placed 

Ktly  over  the  south  pole  of  the  first  needle,  and,  Iwth  being 

fcequol  force,  the  action  of  the  earth's  magnetism  on  one  is  bal- 

i  by  its  ocUou  on  the  other.    A  noodle  so  arranged  is  termed 
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astatic,  and  will  remciin  in  any  position  in  wliicli  it  may  bo  placed. 
Moreover,  the  action  of  an  cleetriu  current  upon  it  is  not  lufla- 
euced  by  the  magnetism  of  the  earth.  The  gradualod  Oisk  jufl 
referred  to  rests  on  tlie  ivory  frame,  and  is  made  of  copper,  n-liich 
has  the  effect  of  deadening  the  oscillations  of  the  needle.  Wko 
in  use,  tlic  two  poles  of  the  thermo-electric  pile  (o,  o',  Fig.  35U) 
are  connected  with  the  ends  («,  »',  Fig.  800)  of  the  conducting* 
wire,  which  is  wound  round  ilio  frame  of  tlic  galvanometer. 


The  apparatus  is  so  delicate,  that  the  heat  of  the  hand, ; 
several  feet  in  front  of  the  conical  cap  G,  will  bo  at  onco  f 
tible,  by  deflecting  tlie  needle.  Moreover,  when  the  deQcctii 
not  greater  than  twenty  degrees,  the  angle  of  dcviatiou  is  p 
tional  to  the  difference  of  temperature  between  the  faces  ( 
pile,  and  may  therefore  be  used  as  a  measure  of  the  inlenoj 
the  calorilic  effect  produced  on  one  face  when  the  otlier  is  e 
to  a  constant  temperature.  Beyond  twenty  degrees,  the  | 
of  deviation  is  no  longer  proportional  to  tJie  temperature]! 
a  table  can  be  easily  constructed  for  each  instrument,  in  wl 
for  each  degree  of  deviation,  are  given  the  correspondiug  c 
enccs  of  temperature  of  the  two  faces.  Mellon)  does  nut  a 
these  tables  beyond  tliirty-five  degrees,  tiecause  tlio  sIib 
change  in  the  position  of  the  axis  of  snspension  of  tlte  i 
would  cause  a  great  error  in  its  indications.  A.  dofloctii 
thirty-five  degrees  corresponds  to  a  difference  of  from  six  lo  ^ 
degrees  in  the  temperature  of  Uie  two  faces  of  Uie  pil<>.  Th* 
instrument,  as  mounted  for  use,  with  its  various  scrooiis  wd 
appendages,  is  represented  in  Fig.  S63. 


Tkentwmeteri. 
272.  Ii  is  required  to  change  into  Fahrenheit  and  Reaumur  degrees  the 
ring  lomperatureB  in  Centigrade  degrees:  — 

Tmnpsrelura  oT  maximnni  deniily  of  waur,     .        .        .        .  +  3°,8T  C. 

Boiling-point  of  liquid  ■mmonia, — 10 

"        (ulphurooa  wdd, — 10 

"       »l«hoI +TS 

"        |>hoepbonu, !90 

■'         merrorv, 8flO 

.  It  is  required  to  change  into  Centigrade  and  Bcaumur  degrees  the 

ing  temperatures  in  Fahrenheit  degrees:  — 

Uclting-poinlof  mermrr, — 10°  F, 

"         bromine,     .......         —  4 

"        white  wax, -f'lSS 

"  ■odium, 194 

"tin 44S.4 

"        imtimonj TT1.8 

Incipient  red  hrat, 977 

Clenr  rherry>ivd  litvt, 1,B3S 

ig  irhita  beat, 9,731 

fr-1.  How  maay  degrees  Centigrade  and  Reaomnr  are  n'  Fahrenheit? 
Hfi.  lloff  man;  degrees  Fahrenheit  and  Reaumur  are  n°  Centigrade  ? 
(76.  At  what  temperatures  do  — x"  C.  equal  — jr°  F.  ?  — r°  R.  equal 
"^  -x'  C.  equal  -f-r'  F.  ?  and  — j^  R.  equal  +x''  F.  ? 

r7.  The  boiling-point  was  marked  on  the  stem  of  a  mertiirial  ther- 
Wter  when  the  barometer  stood  at  74.G5  c.  m. ;  the  dialanec  between 
-drfs  point  and  the  fn-ezing-potnt,  previously  determined,  was  found  to  be 
2U4  e.  m.  It  is  required  to  delennine  the  position  of  the  true  boiling- 
poinl  on  the  «I«m  with  reference  to  the  fir^t. 

278.  Solve  the  same  problem,  representing  the  height  of  the  barometer 
\lj  /fj  and  the  distance  between  the  freezing-point  and  tbo  boiling-point 


179.  In  order  that  a  mercorial  thermometer  majmeasnre  temperatures 

-iO"  and  -|-3W*,  how  many  times  must  the  capacity  of  the  bulb 

mler  than  that  of  the  lube  ? 

JO.  A  ihermometer-tube  was  divided  mto  1,500  ports  of  equal  ca- 

tf,  u  dr^cri))ed  in  (321).     Ii  was  then  weighed,  Grsc  when  empty, 

trwards  when  containing  a  quantity  of  mercury  occupying  73  di- 

I  diflerence  of  these  weights  was  0.008  grammes      It  is 

t  Ute  distance  between  the  fiscd  points  should  be  divided  into 

k'perts,  and  it  is  required  to  find  the  volume  of  the  reserrair 
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necessary  to  effect  this  object    If  the  reservoir  is  spherical,  what 
be  its  diameter  ?     If  it  is  cylindrical,  what  mint  be  its  length,  flflfmmim 
that  its  diameter  is  0.52  c  m.  ? 

281.  After  the  thermometer  of  the  last  problem  was  made,  it  was  fooid 
that  the  zero-point  corresponded  to  the  230th  division  from  the  bottoa  of 
the  scale,  and  the  boiling-point  to  the  1, 223d.  To  what  temperators  dM 
the  765th  division  correspond  ?  Prepare  a  table  giving  the  tempeiatnra 
in  Centigrade  degrees  corresponding  to  every  tenth  division  on  the  tab& 

282.  A  thermometer  was  graduated  with  an  arbitrary  scale,  as  above; 
the  zero-point  was  subsequently  found  to  couicide  with  the  56th  divisioa^ 
and  the  boiling-point  with  the  245th  division  of  this  scale,  when  tfie 
barometer  stood  at  74.25.  It  is  required  to  prepare  a  table,  giving  the 
temperature  in  Centigrade  degrees  corresponding  to  each  division  of  Ae 
scale. 

283.  The  temperature  of  an  oil-bath  was  observed  with  a  mercmy- 
thermometer  graduated  to  Centigrade  degrees  to  be  260^ ;  the  portioa  cf 
the  mercury-column  in  the  stem  not  immersed  occupied  190%  and  the 
mean  temperature  of  this  column  was  94**.  Required  the  true  tempeia- 
ture  of  the  bath. 

284.  When  the  thermometer  of  problem  281  was  immersed  in  an  oil* 
bath,  the  mercury  rose  to  the  500th  division  of  the  scale ;  the  portioa  of 
the  mercury-column  in  the  stem  not  immersed  occupied  390  divisions,  and 
its  mean  temperature  was  8*^.4.    Required  the  true  temperatnre  of  the  hatL 

285.  Reduce  the  following  temperatures,  observed  with  a  mercary- 
thermometer  made  of  crown-glass,  to  degrees  of  the  air-thermometer:  2^, 
180%  230%  200%  300%  and  320'. 

286.  The  coefficient  of  expansion  of  glass  for  one  Centigrade  degree 
is  0.0000088482.  How  great  is  it  for  one  Fahrenheit  degree  ?  How 
great  for  one  Reaumur  degree  ? 

287.  The  French  unit  of  heat  is  the  amount  of  heat  required  to  ruse 
the  temperature  of  one  kilogranmie  of  water  from  0"  C  to  I*  C ;  the 
English  unit  is  the  amount  of  heat  required  to  raise  the  temperature  of  one 
avoirdupois  pound  of  water  from  59"*  F.  to  60"*  F.  What  is  the  relation 
between  the  two  ?     (See  table,  p.  472.) 

288.  Convert  into  French  unite  of  heat  7.843 ;  234.62 ;  and  52.796 
English  units. 

289.  Reduce  to  English  units  52.34 ;  1,964.72 ;  0.6845 ;  and  324.7 
French  unite  of  heat. 

290.  Two  thermometers  are  made  of  the  same  glass;  the  epherioal 
bulb  of  the  first  has  an  interior  diameter  of  7.5  m.  m.,  and  ite  tube  a  diam* 
eter  of  0.25  m.  m. ;  the  bulb  of  the  second  has  a  diameter  of  6.2  m.  m^ 
and  ite  tube  a  diameter  of  0.15  m.  m.  Required  the  relative  lixe  of  a 
degree  on  each. 
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f  229.)    Tempfrature .  —  The  omotint  of  expansion  wliich  a  hot 
I'xiy  is  capable  of  producing  in  the  air  or  mercury  of  a  tlier- 
miiroetcr  moasnrca  what  we  term  its  temperature.     Tliis  effect 
is  otJy  indirectly  connected  with  the  amount  of  heat  wliich  iho 
body  contains.     If  different  masses  of  water,  of  mercury,  of  iron, 
or  of  wood  produce  each  the  same  expansion  in  the  air  or  mer- 
cury of  the   thermometer,  we  say  that  they  all  have  the  same 
ti?mpcrature,  although,  as  we  shall  hereafter  see,  thoy  may  con- 
tain vc.-rj'  different  amounts  of  heat.     Tlie  thermometer,  there- 
fore, is  an  instrument  for  moafiuring  the  temperature  of  a  body, 
and  not  the  amount  of  heat  which  it  contains.     It  gives  ns, 
thou^li  more  accurately,  the  eamc   kind  of  information  as  the 
seriN  of  touch,  indicating  that  condition  of  a  body  wliich  pro- 
daces  the  sensation  of  heat  and  cold.     It  gives  that  information 
^Jirhich  is  alone  wanted  in  the  practical  affairs  of  life  ;  for  it  does 
Hwt  concern  us   generally,  how  much  heat  a  hody  contains,  bui 
^^kly  what  effect  its  heat  will  produce  on  our  bodies. 
^B   The  temperature  of  a  body  depends  on  two  conditions:  first, 
on  iho  amount  of  hnat  which  the  body  contains ;  secondly,  on  the 
affinity  of  the  hody  for  heat,  or,  in  other  words,  on  the  ptiwer 
viUi  which  it  holds  tlic  heat.     In  illustration  of  those  principles, 
il  well-known  facts  may  he  adduced.    Two  thermometers  in- 
•dncod,  the  one  into  a  wine-glass  and  the  other  into  a  pail,  each 
1  is  filled  witli  water  just  drawn  from  a  well,  will  indicate 
I  same  tcmpcratnrc  in  both  ;  simply  because,  although  the 
rin  the  pail  contains  several  hundred  times  as  much  heat 
B  water  in  tlie  wine-glass,  it  also  holds  the  heat  with  a  pro- 
mally  greater  force,  and  therefore  gives  up  no  more  to  the 
f  the  thermometer  tlian  the  smaller  amount  of  water  in  the 
glass.     Again,  two  thermometers,  hitroduced,  tho  one  into 
i  containing  a  kilogramme  of  water,  and  the  other  into  a 
I  containing  a  kilogramme  of  mercury,  the  glasses  liariug 
n  standing  together  for  some  time,  will,  in  like  manner,  indi- 
G  Uio  same  temperature  in  both  ;  for  although,  as  will  soon  be 
■n,  the  water  contains  thirty  times  as  much  heat  as  the  mer- 
,  it  holds  it  with  thirty  times  as  much  power. 
180.)   Thermal  ErfuHibritim.  —  If,  ns  is  sometimes  the  case 
I  room,  tho  heat  ia  distributed  through  iho  different  articles 
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of  furniture  in  proportion  to  their  affinity  for  the  impondertbla 
agent,  it  is  evident  that  we  shall  have  a  condition  of  thermil 
equilibrium ;  for  there  will  be  no  tendency  for  the  heat  to  ptai 
from  one  body  to  another.  If  we  now  bring  a  thermometer  in 
contact  with  the  various  articles  of  furniture,  we  shall  find  thit 
they  all  have  the  same  temperature.  Let  us  next  suppose  thai 
the  stove  suddenly  receives  an  accession  of  heat ;  we  shall  then 
find  that  it  will  indicate  a  higher  temperature  than  before,  be- 
cause it  is  in  a  condition  to  impart  more  heat  to  the  mercury  of 
the  thermometer.  In  the  course  of  a  short  time,  however,  this 
accession  of  heat  will  be  distributed  in  various  ways  through  the 
different  bodies  in  the  room,  in  proportion  to  their  relative  affini- 
ties, when  it  will  be  found  that  all  again  have  the  same  tempera- 
ture, although  a  little  higher  than  before.  It  therefore  appears, 
first,  that  when  bodies  are  at  the  same  temperature  they  are  in  a 
state  of  thermal  equilibrium ;  secondly,  that  when  they  are  at 
different  temperatures,  the  warmer  will  impart  heat  to  the  colder 
until  an  equilibrium  of  temperature  has  been  established ;  that 
is,  until  the  heat  has  been  distributed  through  all  in  proportion 
to  their  relative  affinities. 

(231.)  Unit  of  Heat.  —  In  one  condition  only  the  thermom- 
eter becomes  a  direct  measure  of  the  amount  of  heat ;  and  that 
is  in  the  case  of  the  same  weight  of  the  same  substance.  Thus, 
if  we  take  one  kilogramme  of  water,  it  is  true  that,  if  a  given 
amount  of  heat  will  raise  its  temperature  one  degree,  twice  the 
amount  of  heat  will  raise  its  temperature  two  degrees,  etc 
Here,  then,  we  have  a  unit  for  measuring  amounts  of  heat; 
and  it  has  been  generally  agreed  to  assume,  as  the  unitofheatj 
the  amount  of  heat  required  to  raise  the  temperature  of  one 
kilogramme  of  water  one  Centigrade  degree,  in  the  same  way 
that  a  metre  has  been  taken  as  a  unit  of  length,  and  a  minute  as 
a  unit  of  time. 

(232.)  Specific  Heat.  —  Assuming,  then,  this  unit  of  heat,  we 
shall  be  able  to  ascertain  the  relative  amounts  of  heat  which  difier- 
ent  substances  contain  at  the  same  temperature,  or,  what  amounts 
to  the  same  thing,  their  relative  affinities  for  heat.  For  this  pur- 
pose, let  us  in  the  first  place  take  two.  vessels,  one  containing 
one  kilogramme  and  the  other  ten  kilogrammes  of  water,  and  let 
us  expose  them  both  to  such  a  source  of  heat  that  equal  quan- 
tities of  heat  must  enter  each  vessel  during  the  same  time.    We 
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shall  find  that,  vhec  a  thermometor  in  the  first  vessel  iodicateR 
that  tlio  temjieratiire  of  the  one  kilogramme  of  wau-r  has  risen 
Ion  (legruos,  a  thermometer  in  the  Becoiid  vessel  will  hiive  risen 
onl^  Olio  dej^ree.  Since  ten  units  of  heat  have,  by  our  assiimp- 
tion,  entered  [he  water  in  each  vessel,  it  follows  that  it  rctjuires 
ten  times  as  much  heat  to  raise  the  teiu[icralui'e  of  ten  kilo- 
gramnm  of  water  one  degree  as  ia  required  to  raise  the  teroper- 
atnre  of  one  kilogramme  of  water  to  the  same  extent.  Sim- 
flar  results  would  be  obtained  with  any  other  substance,  and 
benco  w«  may  conclude  that  the  amounts  of  heat  required  to 
n)H  UiO  temperature  of  unequal  weights  of  the  same  substance 
one  degree,  arc  proportional  to  these  weights. 

As  B  second  experiment,  wo  will  take  five  vessels,  containing 
respectively  one  kilogramme  of  water,  one  kilogramme  of  sul- 
|iliar,  one  kilogramme  of  iron,  one  kilogramme  of  silver,  one 
Ulogrammo  of  mercury,  and  wc  will  expose  them  all  to  such 
ft  KHirco  of  heat  that  equal  amouuu  must  enter  each  vessel 
during  the  same  interval.  If,  now,  we  observe  thermomotcrs 
jdaoed  in  these  vessels,  we  shall  fuid,  when  the  temperature  of 
water  has  risen  one  degree  and  consequently  when  one 
of  heat  has  entered  each  vessel,  that  the  temperatures  of  the 
substances  have  increased  by  the  number  of  degrees  given 
lo  second  column  of  the  following  tublc.  I!y  tl.c  pnnciple 
lislied,  it  follows  that,  if  one  unit  of  heat  will  raise  the 
iraturo  of  one  kilogramme  of  mercury  thirty  degrees,  it  will 
retiuirc  one  thirtieth  as  much,  or  0.033  of  a  unit  of  heat, 
tho  temperature  of  the  same  weight  one  degree.  In 
manner,  tho  fractional  parts  of  a  unit  of  beat  required  to 
the  temperatures  of  one  kilogramme  of  each  of  tlte  other 
ices  one  degree  can  bo  easily  calculated,  and  are  given  in 
column  of  the  table.  This  fraction  is  commonly  called 
ic  heat  of  the  Gubstaoce. 


Www, 1.0  l.(K>0 

Sulphur,      .         .         .         .         •  4.9  0.203 

Iron, 8.8  •       0.114 

Sa»«, 17.5  0.057 

Mercury, 30.O  0.033 

',  tJien,  at  the  same  tcmjieraturc,  contains  4.9  times  f 
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much  beat  as  the  same  weight  of  sulphur,  8.8  times  as  midi 
as  the  same  weight  of  iron,  17.5  times  as  much  as  the  him 
weight  of  silver,  and  80  times  as  much  as  tlie  same  weig^  of 
mercury ;  and  in  like  manner  we  should  find  that,  at  the  bun 
temperature  and  for  equal  weights,  water  contains  more  heit 
than  any  solid  or  liquid  known.  Hence,  the  specific  heat  of 
solid  or  liquid  substances  is  always  expressed  by  firaetio&i. 
These  fractions,  as  determined  by  Regnault  for  the  chemical  de- 
ments, are  given  in  the  following  table.  The  numbers  in  eadi 
case  denote  the  fractional  part  of  a  unit  of  heat  required  to  niw 
the  temperature  of  one  kilogramme  of  the  substance  one  degree. 
They  also  represent  the  relative  proportions  in  which  heat  is  dis- 
tributed among  equal  weights  of  these  substances  when  in  the 
state  of  thermal  equilibrium,  and  therefore  indicate  their  relatiTe 
affinities  for  the  imponderable  agent. 


Specific  Heat  of  the  JSlemenis. 


Nmum  of  Sntetenoet. 


Brass,  . 
Glass, 


Iron,    .        . 
Zinc, 
Copper, 
Mercury,  . 
Solid  Mercury, 
Cadmium, 
Silver,  . 
Arsenic,    . 
Lead,    . 
Bismuth,  . 
Antimony,    . 
Tin, 
Nickel, 
Cobalt,     . 


SpeeifleHcat. 


NamM  of  Subctaneai. 


Prdiminary  Data. 

0.093910     I    Water, 

0.197680     I    Oil  of  Turpentine, . 


EUmenis. 


0.118790 
0.096550 
0.095150 
0.033.320 
0.032410 
0.056690 
0.057010 
0.081400 
0.031400 
0.030640 
0.050770 
0.056280 
0.108630 
0.106960 


Platinum  plate, 

"        sponge,    . 
Palladium, 
Gold,      .        .       . 
Sulphur,     . 
Selenium, 
Tellurium, . 
Potassium, 
Bromine,  liquid, 

"  solid  (— 2SO), 

Iodine, 

Carbon,  ... 
Fhosphoros, 


1.006000 
0.425930 


0.032430 
0.032930 
0.059270 
0.032440 
0.202590 
O.O83700 
0.051590 
0.169560 
0.110940 
0.084320 
0.054120 
0.241110 
0.188700 


(233.)  Determination  of  the  Specific  Heat  of  Solids  and 
Liquids.  —  There  are  two  methods  usually  employed  for  this 
purpose.     The  first  method  is  called  the  method  of  cooUngj 
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and  is  Itased  upon  tlio  axiom,  tbat  the  time  required  for  equal 
weiglits  of  different  substances  to  cool  through  tlie  same  num- 
ber of  degrees,  under  exactly  the  same  conditions,  will  be  pro- 
portional to  the  quantity  of  boat  which  thoy  respectively  contain, 
or,  in  other  words,  to  their  specific  heat.  The  only  difficulty  in 
applying  this  principle  to  practice  consists  in  securing  precisely 
the  same  conditions  for  all  substances.  In  order  to  attain  this 
object,  Rcgnaiilt  contrived  a  very  ingenious  apparatus,  which  is 
described  at  length  in  tlic  Annales  tie  Cltimie  et  de  Physiquf, 
3'  Sdrie,  Tom.  IX, ;  but  notwithstanding  the  utmost  precautions 
and  most  persevering  efforts,  this  very  skilful  experimenter  cotild 
not  obtain  satisfactory  results  by  this  method.  AVe  shall  not, 
therefore,  enlarge  upon  it  here. 

TIiG  second  method,  which  is  called  the  method  of  mixture, 
consists  in  heating  a  substance  to  a  known  temperature,  and 
then  throwing  it  into  a  vessel  containing  a  known  weight  of 
cold  water.  The  amount  of  heat  communicated  to  the  water 
will  be  proportional  to  the  specific  heat  of  the  given  substanee, 
and  gives  us  the  data  for  calculating  it.  This  last  method,  which 
is  by  far  the  most  accurate  of  all  the  methods  yet  devised,  re- 
quires further  illustration. 

Example  1.  If  we  mix  one  kilogramme  of  mercnry  at  20° 
with  one  kUogramme  of  water  at  0',  we  shall  find  that  the 
temperature  of  the  mixture  will  bo  0°.G39.  The  water,  there- 
fore, has  gained  0.639  of  a  unit  of  heat.  Tliis  amount  of  heat, 
also,  is  evidently  sufficient  to  raise  the  temperature  of  one  kilo- 
gramme of  mercury  from  O'.GSS  to  20°,  that  is,  through  1(1° ,361. 
Hence,  the  amount  of  heat  required  to  raise  the  temperature 
of  one  kilogramme  of  mercury  one  degree  must  be  equal  to 
^1  =  0.033  of  one  unit. 

Example  2.  If  we  mix  0.685  of  a  kilogramme  of  sulphur  at  60° 
with  4.57S  kilogrammes  of  water  at  12°,  we  shall  find  that  the 
temperature  of  tlie  mixture  will  be  13''.42.  The  temperature 
of  4.573  kilogrammes  of  water  has  risen  1*.42,  and  hence  the 
water  has  acquired  4.573  X  1.42  =s  6.493  units  of  heat.  These 
6.493  units  of  heat  were  sufficient  to  raise  the  temperature  of 
0,685  of  a  kilogramme  of  sulphur  from  13''.42  to  60°,  or  through 
46°. 58.  They  would,  therefore,  raise  the  temperature  of  one  kilo- 
gramme of  sulphur  through  46° .58  X  0.685  =  31°. 9.  Hence,  it 
would  require  ^  =  0.203  of  a  unit  of  heat  to  raise  the  tempera- 
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ture  of  one  kilogramme  of  sulphur  one  degree.    In  like  mamMlr 
all  similar  problems  may  be  solved. 

These  solutions  may  easily  be  made  general,  and  reduced  to 
an  algebraic  form,  in  the  following  way.    Let 

W  =  weight  of  water.  iff   =  weight  of  substance. 

T^  =  temperature  of  water.  T^  =  temperature  of  sobstanoe. 

ff*  =  temperature  of  mixture.  x    =  specific  heat  required. 

Then  we  shall  have, 

W  =  units  of  heat  required  to  raise  temperature  of  witer 

used  one  degree. 
wx  =  units  of  heat  required  to  raise  temperature  of  8iib> 

stance  used  one  degree. 
(6  —  7)^  =  number  of  degrees  through  which  temperature  of  water 

has  been  raised. 
(T —  oy        =  number  of  degrees  through  which  temperature  of  mb- 

stance  has  fallen. 
(6  —  tY  W    =  units  of  heat  water  has  gained. 
{T — Oy  wx=i  units  of  heat  substance  has  lost. 

Since  the  gain  and  the  loss  must  be  equal,  it  follows  that 

(T—6ywx=  (e  —  jyw; 

whence 

^==  (^-^rr  ri571 

The  results  obtained  from  this  formula  would  be  accurate, 
were  it  not  for  tho  fact,  that  the  vessel  which  holds  tlie  water 
changes  its  temperature  with  that  of  the  water,  so  that  tlie  heat 
lost  by  the  substance  not  only  raises  the  temperature  of  tho  water 
(5  —  t)",  but  also  the  temperature  of  the  vessel,  by  tlie  same 
amount.  If  we  know  the  weight  of  the  vessel  and  the  specific 
heat  of  the  substance  of  which  it  is  made,  we  can  easily  estimate 
the  amount  of  heat  required  for  this  purpose.  The  vessel  used 
is  generally  made  of  brass  or  silver,  very  light  and  briglitly  pol- 
ished, so  that  these  data  can  be  readily  obtained. 

Let  w'  =  weight  of  the  vessel,  and  c  ^  specific  heat  of  the 
vessel;  then 

¥f  c  =  amount  of  heat  required  to  ndse  its  temperature  one  de- 

gree. 
{0 —  t)® t£^c  =  amount  of  heat  required  to  raise  its  temperature  {$ — t)*. 


V 


Sinco  the  heat  tost  by  the  substauce  is  equal  to  that  i^aincd  by  the 
ualtir  |>liis  the  oiuoujit  gained  by  tlio  vessel,  it  fullows  that 
(!•-<)•  »r  =  (»-,rr+(»-,)'»'e=(«_,)-(B'+„,'„), 


heuec. 


[1S8.] 


If,  as  is  usually  tho  case,  the  subiitancc  is  enclosed  in  a  ji\iwn 
"))>o  OD  a  siDull  boskut  of  wire-work,  it  is  also  itccoKsury  lo  \>ay 
I  <intd  U»  tlie  weight  and  specific  heat  of  these  flnvelojwa  in  tho 
.  .limitation.  Representing,  then,  liy  w"  and  c'  tlie  woight  and 
specific  heat  of  Uie  envelope  resjioctivcly,  wo  sliiill  have,  evi- 
dently, 

(  T  —  &)'  w"e'  :=  units  of  heat  the  envelope  has  lost. 

UcDce  we  obtain, 

and  also 

X  —  {T—tfv  ■         '■^*'-J 

The  above  method  of  determining  the  xpecific  heat  of  BoUds 

and  liquids  admits  of  great  aoruntcy,  but  ita  t'r&cticul   Bp|>li- 

I  aitou   re<)uire3   many  prvcautiuns  and   Ki'cat  delicacy  of  nm- 

.  ^[iiiiaiion.     Rcgnauit,  who  adupCvd    Wax  toethod  in   hi*   Tcrj 

.;-.'iiiii-i)  investigatioDS  on  specific  beat,  used,  in   making  th« 

iriuns,  tlie  apparatus  repreaented  iu  Fig.  84i4.*     Hiii 

-  'Consists,  tint,  of  the  Tesed  et,  in  nhidi  iIir  hcatcil 

^  i»  mixed  willi  wal^ir;  Mcondly,  of  a  peculiarly  a>»- 

^^|ni£l4:d  steam-lmh,  VP  V,  \ij  vhidi  the  )rHlR4auce  u  previMulj 

^^Klad  to  a  known  tetnp<!rature  of  ahnol  I(X/*, 

^^ETbe  mbstauce  to  be  eiamioed  ts  [iaccd  in  s  mull  hatket  of 

brsM  wire,  P.    If  it  t*  Milid,  it  h  Woken  iolo  anaU  lomp* ;  liul 

if  lifiuid,  it  b  enclosed  in  tabes  of  0aM,  wbow  vdgtd  ai>d  «(i«- 

cific  h<»it  are  known.    In  tbs  azii  of  the  Iwwfcrt  llicra  i*  f»»lime4 

s.  mall  eyiinder  of  wire-acttiag,  vhidi  raenvca  tite  l#<il>*  of  a 

delicate  tliennooieter  far  ddsraiiunff  tltt  lonpentiire  'if  lit* 

l>a»ket  and  iu  eooteaU-     Dariag  dM  proeca*  wf  bealiof,  tlie 

■  .:itJut  is  sBqmded  bf  tDCMW  cf  iSlt  eorla  ia  Um  i 
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steam-bath,  formed  of  three  ooneciiti-io  cyliiidere  of  lin  plate. 
The  space  P,  in  which  the  basket  is  suspended,  is  fiUud  wilh  uir, 
and  opens  below  into  the  chamber  M  by  niuaiis  of  Uie  ^lidQ  rr, 
which  can  bo  witUdrawu  at  pleasure.    The  space  V  is  filled  wilh 


steam,  wbicli  is  constanllj  supplied  from  the  boiler  C,  and  &fle^ 
wards  coiidcnsud  in  tlic  worm  s ;  and,  lastly,  tlie  space  Ijctvucn 
the  Bteam-cbamber  and  the  outer  cylinder  is  filled  with  air,  wliicii, 
being  a  iion-couductor,  diminishes  the  loss  of  heat  by  the  bsth, 
and  thus  tends  to  keep  its  temperature  constant. 

A  cylindrical  vessel,  wi,  made  of  very  thin  sheet-brass,  contuni 
the  water  with  which  the  substance  is  to  be  mised.  It  i*  nu- 
pended,  by  moans  of  silk  cords,  to  a  moTni)le  Enipport,  which 
slides  in  a  groove,  so  that  the  vessel  may  bo  readily  moved  into 
the  chamber  My  under  the  steam-bitlh.  A  delicate  thcrmomL-Ua*, 
/,  gives  very  accurately  the  temperature  of  tlie  water,  owl  « 
second  thermometer,  T,  that  of  the  air.  These  therniomcten 
are  observed  by  means  of  a  telescope  placed  several  feet  distant, 
and  every  preeaution  is  takeu  to  protect  them  from  extntnoous 
influcncca. 

In  making  a  determination  of  the  specific  heat  of  a  substaiioa, 
we  wait  until  the  thermometer  P  indicates  a  constant  tompen- 
ture,  which  requires  about  two  hours.  Then,  in  order  to  lie  wire 
that  the  substance  has  the  same  temperature  tlirougltotilr  va 
W£ut  at  least  an  hour  longer,  and  carefully  obser%-e  tho  thonnon- 
ctera  (  and  T.  Having  removed  the  screen  r,  we  now  pnsJi  Ihe 
vessel  m  into  tho  chamber  M,  and,  withdrawing  tiio  sUd«  f 
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quickly-  drop  tlio  basket  coutaining  tlio  substance  into  tbo  water. 
Tilt)  vcjwel  is  then  at  once  returned  to  its  former  positiun,  and, 
wliUo  an  nssislatit  stirs  tip  tlie  water,  wc  observe  tho  elevation  of 
tcui|i«ratiiro  intlJcated  by  tlio  tJicrinumetcr  t,  wliicli  ruuclics  its 
maximum  in  one  or  two  miautes. 

Ill  calculating  tlio  specific  heat  of  a  substance  from  tbesa 
results  by  means  of  [159],  it  is  necessary  to  take  into  tlio  ac- 
count tlw  rinaritily  of  beat  received  by  tbo  vessel  m  from  the  air 
or  iioigbitoring  Itodies  during  tho  course  of  the  experiment,  as 
well  as  that  which  it  loses  during  tlic  same  time.  The  variation 
of  temperature  arising  from  this  cause  is  ascertained  by  meaus 
of  a  scries  of  preliminary  experiments,  made  under  the  same 
conditions  ns  tho  fuial  determination,  and  tlie  ol>served  tempera^ 
lure  of  (  corrected  accordingly  ;  hut  as  the  value  of  ibis  correc- 
tion 18  necessarily  Bomowbat  uncertain,  it  is  made  very  tiiuall  by 
reducing  as  much  as  possible  the  duration  of  the  experiments, 
and  ttlf-o  by  so  regulating  tho  tenipcratui'e  of  the  water  that  it 
may  bo  for  an  equal  length  of  time  above  and  bolow  the  temper- 
ature of  tho  air.  Moreover,  during  the  few  seconds  tliat  tho 
vessel  of  water  is  iu  the  cliamber  M,  it  is  protected  from  the  heat 
of  tbo  ttoam-bath  by  tbe  cold  water  wbicb  fills  the  space  within 
tho  hollow  walls  D  D ;  and  when  outside  of  tbo  chamber,  it  is 
9  protcolc<i  by  the  screen  e. 
I  order  to  test  tho  accuracy  of  this  process,  Keguault  deter- 
1  the  specific  heat  of  water  with  the  apparatus  just  described. 
Wo  experiments,  in  which  the  liquid  was  heated  to  ilT",  he 
lined  tlie  values  1.00709  and  1.0UH90,  thus  showing  ihut  tho 
plic  heat  of  water  increases  with  the  temperature,  and  also 

aing  the  accuracy  of  tho  method. 
(234.)  General  Results.  —  From  the  numerous  investigations 
wbicli  have  been  made  on  the  specific  heat  of  solid  and  liquid 
-vifstanccs,  several  imjiortant  general  truths  have  been  deduced. 
First.  Tlic  specific  beat  of  sultstances  is  a  distinguislitng  prop- 
ty,  closely  connected  with  tbeir  atomic  weights  or  combining 
ipurtionals.    The   relation  which  exists   between    these  two 

I  ill  ties  of  matter  has  already  been  discussed  in  (215  fru)  and 

I I  aleo  appear  on  solving  Prob.  292, 

aiMeotidly.  Tlie  specific  heat  of  (be  same  substance  increases 
)  temperature.  Tliis  is  true  even  iu  the  cose  of  water, 
las  been  selocted  as  tbe  standard  to  which  the  specific 
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heat  of  other  substances  is  referred.  Tlie  unit  of  heat,  it  will 
be  remembered,  is  the  quantity  of  heat  required  to  raise  the 
temperature  of  one  kilogramme  of  water  one  Centigrade  degree. 
Now  it  miglit  be  supposed  that  the  same  quantity  of  heat  would 
raise  the  temperature  of  a  kilogramme  of  water  one  degree  at  all 
parts  of  the  thermometric  scale ;  but  this  is  not  the  case :  to 
raise  the  temperature  of  one  kilogramme  of  water  from  IW  to 
lOl*"  requires,  for  example,  1.0180  units  of  heat,  and,  as  a  geuenl 
rule,  the  amoimt  required  is  greater  the  higher  the  temperature. 
This  is  shown  by  the  following  table.  In  the  second  odamo, 
headed  c,  opposite  to  each  temperature,  is  given  the  specific  heat 
of  water  at  that  temperature ;  in  other  words,  the  number  of 
units  of  heat  required  to  raise  the  temperature  of  one  kilo- 
gramme of  water  from  ^"^  to  (^  4~  ^Y^  ^^  ^®  third  column, 
headed  C,  are  given  the  mean  specific  heats  for  the  interval  of 
temperature  between  0"*  and  T. 


1. 

e. 

a 

1. 

c 

a 

o 

e 

0 

1.0000 

1.0000 

100 

1.0130 

1.0050 

20 

1.0012 

1.0003 

120 

1.0177 

1.0067 

40 

1.0080 

1.0018 

140 

1.0232 

1.0087 

60 

1.0056 

1.0023 

160 

1.0294 

1.0109 

80 

1.0089 

• 

1.0035 

180 

1.0864 

1.013S 

It  will  be  noticed  that,  within  the  ordinary  range  of  atmos- 
pheric temperatures,  the  specific  heat  of  water  increases  only 
very  slightly  ;  so  that,  in  determinations  of  the  specific  heat  of 
other  substances  by  the  method  of  mixtures,  that  of  water  may 
be  regarded  as  constant  between  0"*  and  20^.  But  above  this 
temperature  the  increase  of  the  specific  heat  of  water  can  no 
longer  be  disregarded,  and  we  must  therefore  modify  slightly  our 
definition  of  the  unit  of  heat.  Accurately  speaking,  ihe  unit 
of  heat  is  the  quantity  of  heat  required  to  raise  the  temperature 
of  a  kilogramme  of  water  from  0"  to  1**. 

What  is  shown  by  the  above  table  to  be  true  of  water,  is  also 
true  of  all  other  solids  and  liquids.  Dulong  and  Petit  made 
experiments  on  a  number  of  metals  up  to  800",  employing  the 
method  of  mixtures,  and  obtained  the  results  given  in  the  follow- 
ing table :  — 


»*b4. 

u^uSpKiftcnst. 

r. 

Niuiii-ar 

UwBiwUeUM. 

r 

0°*™ 

DftltHIl 

Iron. 

0.1098 

0.1218 

332°j 

5ilvtT. 

O.05S7 

0.06  II 

S2%S 

M^ret.rr, 

O.OSSO 

O.OSfiO 

SIB.2 

CopptT. 

0.0019 

0.1013 

Bao.o 

'/•nc, 

0.0027 

O.IOIS 

823.8 

rlntiuom. 

o.osja 

o.o.t.ie 

a  11.9 

\..(™ooy, 

0.05(>7 

o.ow» 

32J.B 

Gl«.«, 

0.1770  1  0.I9WI 

sn-a 

^Jn  ef]iialion  [150],  the  temperature  T  is  supposed  lo  lie  giveu, 
Hi  from  it  wo  can  calculate  the  specific  heat  of  tlio  eiibst^iuce ; 
Btt  we  vaay  evidently  reverse  this  calculation,  aud,  wlica  the 
^ecific  heal  of  the  subslanco  is  known,  use  the  method  of  intx- 
tunis  for  determining  its  temperature.  Thus  this  method  fiir- 
nUhes  a  very  simple  means  of  measuring  high  temperatures.  If, 
for  example,  we  wish  to  measure  the  temperature  of  a  furnace, 
we  expose  to  it  a  mass  of  platinum  of  known  weight ;  and  when 
tlie  mass  has  acquired  the  tempei-ature  of  the  furnace,  we  transfer 
il  to  tlie  brass  vessel  m  (Fig.  364),  containing  a  known  weight  of 
water,  and  obser\'e  tlie  cleratiou,  taking  all  the  precnutions  meu- 
tioDcdin  tlic  previous  section.  If  the  specific  heat  of  the  plati- 
num la  known,  wc  then  have  all  tlic  elements  for  calculntiug  tho 
temperature.  If  it  is  not  known,  we  can  make  two  determina- 
tions with  unequal  quantities  both  of  platinum  and  waiter,  and 
tlins  obtain  two  equations,  from  which  we  can  eliminate  the 
specific  heat.  Or,  since  the  mean  specific  heat  of  platinum  is 
kaowu  between  0°  and  difibrent  high  temperatures,  wo  can  also 
ealculato  the  temperature  of  the  furnace  from  an  estimate  of  the 
Yaluo  of  the  specific  heat  for  tho  unknown  temperature,  and 
afterwards  use  the  sjtecific  heat  corresponding  to  the  tempcra- 
tura  llius  obtained  for  calculating  a  new  value  of  the  temperature, 
which  will  be  more  exact.  In  order  to  furnish  llie  data  for  such 
calculation,  M.  Pouillet  has  determined  by  experiment  the  mean 
if^cific  heat  of  platinum  between  0°  and  difiercnt  high  tempera- 
tures, measured  by  tlie  air  thermometer.  His  results,  which 
I  giTcn  in  the  following  table,  were  obtained  by  the  method 
ixtures. 

Mean  Specijic  fffot  of  Platinum, 


100  0.03350 
800  0.03434 
500  0.O.S518 
700  0.03fi02 
.10  • 


lOUO  0  03728 
1200  0.03R18 
1500    0.03038 
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The  change  of  the  specific  heat  with  the  temperature  becomes 
very  marked  as  the  solid  approaches  its  melting  point ;  and  this 
is  especially  the  case  with  those  solids  which  soften  before  thef 
melt.  Hence,  in  stating  the  specific  heat  of  a  substance,  it  is 
important  to  name  the  temperatures  between  which  tlie  dete^ 
mination  was  made. 

The  specific  heat  of  liquids  varies  with  the  temperature  to  a 
much  greater  extent  than  that  of  solids.  Thus  bromine,  according 
to  Reguault,  has  the  specific  heats  0.10513,  0.11094,  0.11294, 
between  the  temperatures  —6"  and  +10%  11**  and  48%  13*  and 
68",  respectively.  So,  also,  oil  of  turpentine  has  the  specific  heat 
of  0.42G  between  15"  and  20%  and  0.4672  between  15*  and  IW. 

Regnault*  has  also  determined  the  specific  heat  of  a  large 
number  of  other  liquids  by  the  method  of  cooling-^  which,  as  he 
found,  gives  more  accurate  results  with  liquid  than  with  solid 
substances.  Some  of  the  most  important  of  his  results  arc  given 
in  the  following  table.  As  a  general  rule,  they  show  that  the 
specific  heat  increases  with  the  temperature.  But  the  diflFerence 
between  the  extreme  temperatures  is  so  small,  that  the  slight 
increase  of  the  specific  heat  is,  in  some  cases,  more  than  ove^ 
balanced  by  variations  arising  from  other  and  accidental  causes. 


Mmn  Pp«ctflc  Heat 

• 

Names  of  Liquids. 

5"  to  10-. 

10»  to  15». 

ly*  to  20*. 

Mercury, 

0.0282 

0.0283 

0.0290 

Alcohol  at  .300,        ,         , 

0.6588 

0.665! 

0.6725 

Methylic  Alcohol, 

0.5901 

0.5868 

0.G009 

Oxide  of  Ethylc,     . 

0.5207 

0.5153 

0.5157 

Bromide  of  Ethylc,     . 

0.2164 

0.2135 

0.2153 

Iodide  of  Etiiylc,     . 

0.1587 

0.1584 

0.1581 

Sulphide  of  Etliyle,    . 

0.4715 

0.4653 

0.4772 

TcrelK^ne,        .... 

0.4154 

0.4156 

0.4267 

Oil  of  Citron,      .... 

0.4489 

0.4424 

0.4501 

Bichloride  of  Tin,  . 

0.1421 

0.1402 

0.1416 

Chloride  of  Silicon,     . 

0.1914 

0.1904 

0.1904 

Chloride  of  Phosphorus, 

0.2017 

0.1987 

0.1991 

SulpliiU-  of  Carbon,   . 

0.2179 

0.2183 

0  2206 

• 

It  will  be  noticed  that  the  increase  of  the  specific  heat  wi^^ 
the  temperature  corresponds  to  the  increase  of  the  rate  of  cxpa^^ 
sion,  and  it  is  probable  that  the  two  classes  of  phenomena  o^^ 


♦  Annalcs  do  Chimio  ct  de  Physique,  3*  S<5rio,  Tom.  IX  p.  336. 
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closely  connected  together.  Tlio  best  explanation  wliieli  wo  can 
give  of  tliG  facts  ix  tliis.  If  tlie  rolumo  of  a  Golid  or  liquid  masts 
of  matter  i-cmaiiicd  ilie  same  at  all  temperatures,  it  is  probabla 
that  it  would  require  exactly  tlio  same  quantity  of  hcut  to  raise 
Us  tRmporaturo  one  de^it^e  at  all  ports  of  the  thcniiumetiic  scale. 
As,  liovrovor,  both  solid  aud  liquid  matter  are  expanded  by  heat 
with  an  irresistible  force,  a  ]iortion  of  the  quantity  of  boat  re- 
quired to  raiso  the  temperuture  of  a  given  mass  one  degree  is 
rendered  latent  in  producing  this  mechanical  cfTect;  and  since 
the  rate  of  expansion  increases  with  the  tem|)crature,  the  qitan- 
Ji^  of  heat  thus  rendered  latent,  and  hence  also  the  specific 
^■t,  must  be  greater  at  high  than  at  low  tern [leratu res. 
^^thtrdly.  All  substances  liare  a  greater  specific  lieat  ia  the 
B^d  than  in  the  eolid  state.  This  truth,  which  is  rendered 
evident  by  llie  f.iUuwing  table,  is  probably  connected  with  the 
fact  that  tl)e  rate  of  expansion  of  liquids  is  greater  tlian  that  of 
is,  aud  licnco  the  quantity  of  heat  absorbed  in  producing  this 
nical  effect  is  also  greater. 


0.0311 

laO 

to 

4M 

o.04oa 

0.(»(32 

10 

_ 

43 

0.1  Id* 

0.0&41: 

O.IOSM 

o.ozn 

0 

„ 

100 

0.03M 

0.2026 

190 

H 

ISO 

0.2S4 

o.t)m«4 

2-0 

« 

180 

0.03S) 

0.09S8 

0.0d«3 

250 

„ 

i:iO 

o-oun 

0.1887 

50 

U 

lOO 

0.213 

o.soa 

0 

» 

10000 

OS'S 

S3 

u 

80 

0.»69 

D.rT831 

810 

» 

430 

0.4  IS 

.    100     0.2.-I873      >j0    ••    4SS     O.JSIS 


fourllily.  The  specific  heat  raries  with  the  mulccular  condi- 
tion of  a  substance,  aud  we  can  say,  in  gvnvral,  ttiat  all  cauws 
vbid)  increase  liie  density  of  »  »oltd  dimiiiixh  its  FjiecUic  heat. 
Tliiu  tlie  specific  beat  of  artificially  prepared  — — wifflWg.  of  irao 
diminishes  in  proportion  as  its  density  u  it 
Aad  Goally  heemoem  eqaal  to  lltat  0 
9  copper,  vhen  annealed,  has  ai^ 
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but  after  its  density  lias  been  increased  by  liammering,  the  spe* 
cific  heat  is  found  to  bo  only  0.09360.  Qn  the  other  hand,  the 
specific  heat  of  tin  or  lead  is  not  increased  by  mechanic^  pres- 
sure ;  but  then  their  density  also  remains  unchanged. 

The  specific  heat  of  a  substance,  moreover,  is  not  the  same  in 
its  different  allotropic  modifications.  The  specific  heat  of  ca> 
bon,  for  example,  differs  very  greatly  in  its  three  allotropic  condi- 
tions, as  is  shown  by  the  following  results  of  Beguault'  It  will 
be  noticed  that  in  these  cases,  also,  the  specific  heat  diminishes 
with  the  density.  Similar  £acts  were  observed  by  Regnaidt*  in 
the  case  of  sulphur  and  carbonate  of  lime. 

Spedfle  GnTlty.    Spedfle  Haat. 

Wood  Charcoal,         ....     0.300  0.2415 

Graphite, 2.300  0.2027 

Diamond, 3.500  0.1469 

Fifthly.  By  referring  to  the  tables  on  pages  466, 475,  it  will  be 
seen  that  liquid  water  has  the  greatest  specific  heat  of  any  of  the 
substances  mentioned.  In  fact,  for  the  same  temperature,  it 
contains  the  greatest  amount  of  heat  of  any  solid  or  liquid 
known.  This  property  of  water  makes  the  oceans  of  tlie  globe 
great  reservoirs  of  heat,  and  hence  the  important  influence  which 
they  exert  in  moderating  and  equalizing  the  climate  of  islands 
and  continents. 

On  the  other  hand,  it  will  be  noticed  that  mercury  lias  a  very 
small  specific  heat.  It  is  therefore  rapidly  heated  or  cooled,  and 
is  in  this  respect  also,  as  in  others  (225),  well  adapted  for  its 
use  in  the  thermometer. 

(235.)  Specific  Heat  of  Gases.  —  The  determination  of  the 
specific  heat  of  gases  involves  the  greatest  practical  difficulties, 
and  although  several  extended  investigations  of  the  subject  have 
been  made  by  eminent  physicists,  yet  the  results  obtained  have 
been  generally  very  erroneous.  Within  a  few  years,  the  subject 
has  been  reinvestigated  by  Regnault,  and  his  determinations  of 
the  specific  heat  of  the  gases  are,  unquestionably,  far  more  accu- 
rate than  those  of  any  previous  experimenter.  Unfortunately, 
however,  as  no  description  of  the  process  employed  by  Regnault 
has  yet  been  published,  we  can  only  state  the  general  results  at 
which  he  has  arrived. 

The  specific  heat  of  a  gas  may  be  defined  in  two  ways  :   first, 

*  Annales  de  Cbimie  et  de  Physique,  3*  Serie,  Tom.  I.  pp.  182  uid  908. 


I  Uio  amount  of  heal  required  to  raise  the  temperature  of  one 

pagramtae  of  the  gas  from  0*  to  1".  allowing  tlio  gas  to  oxpaiid 

xly  and  in  Evch  a  ma.ujier  that  it  shall  prescnc  a.  constant 

city ;   aiid,  secondly,  as  the   amount  of  heat   I'cquircd  to 

I  the  teuiperalui-e  of  one  kilogramme  of  the  gas  from  0°  to 

^  vhen  the  gas  is  compelled  to  prescn-e  a  coustatit  Toliune,  the 

isioii  of  course  increasing.     Wo  may  distinguish  the  specific 

Kts  under  tlicse  two  conditions  as  the  spenjic  heat  under  r,on- 

it  pressure,  and  sperific  heat  itrtder  coiutanl  vvlume.     In  the 

:  of  liquids  and  solids  wo  can  only  determine  tlic  specific 

t  under  constant  pressure,  and  in  the  case  of  gases  it  is  only 

s  value  whicli  can  be  determined  hy  direct  oxporiment. 

F  (236.)  Specific  Beat  of  Gases  under  Constant  Pressure.  —  Aa 

eliminary  to  the  determination  of  the  speciQc  heats  of  the  sepa- 

e  gaacs,  Uegnaillt  lias  established  two  important  principles ;  — 

iFtrst.   The  specific  heat  of  a  gas  does  not  vary  sensibly  with 

E  temperature.    This  is  illustrated  by  the  following  tabic,  whidi 

s  the  specific  heal  of  air  between  different  limits  of  temperature. 


—30'    to   +10° 


lOO" 


225" 


0.2377 
0.2379 
0.237  S 


1.11111  be  noticed  that  the  differences  are  inconsiderable,  and  the 

B  was  found  to  lie  true  of  other  gases. 

^Secondly.   The  specific  heat  of  a  gas  does  not  vary  with  the 

tssure,  and  hence  is  the  same  for  all  densities.    Kegnanlt  ex- 

rimetited  on  air  and  on  other  gases  under  pressures  which 

ried  from  one  to  ten  atmospheres,  and  found  no  fccusiblo  differ- 

t  in  the  quantity  of  heat  which  the  same  weight  of  a  gas 

when  under  these  different  pressures,  in  coohng  the  same 

nber  of  degrees.     Nevertheless,  he   thinks   It   possible   that 

jht  differences  may  exist. 

I'The  specific  heats  of  the  different  gases  and  vapors,  as  de- 

lirred  by  Regnault,  are  given  in  the  following  table.     Tlie 

itatwrs  in  the  column  headed   "Specific   Heat  by  Weight" 

spond  to  those  given  in  all  the  preceding  tables  of  specific 

;,  and  denote  in  each  case  the  number  of  units  of  heat  re- 

1  to  raise  the  temperature  of  one  kilogramme  of  the  gas 

a  0*  to  1',  assuming  that  the  gas  is  allowed  to  expand  freely, 

1  that  the  pressure  is  constant. 
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I^peeific  Seat  of  Oata  and  Vt^pon. 


B|»daoB«t. 

Nw..rfQuorT.por. 

_ 

SS3?. 

BjWdlhl. 

BtVo1ii» 

S^ipU  GoMa. 

Air, 

0.2877 

0.2S7T 

IJWO 

Oxygen,          .... 

0.2182 

0.3412 

I.IOU 

NitrogCB 

0.2140 

0.2370 

0.97tt 

■.4016 

0.2396 

0.D6Bt 

Chlorine, 

0.I2U 

0.2963 

2.I4D0 

Bromina 

0.0392 

0.2992 

ftJ9 

c™ 

pound  Gun. 

Protoxide  of  Nitroeen,        .        . 

0.22S8 

0.S41S 

1.6150 

Dcntoxido  of  Nilntgin,  . 

0.23  IS 

0.2106 

1.0390 

Oxide  of  Carbon,        .        .        . 

0.2479 

0.2399 

O.M74 

Carbonic  Arid, 

0.2164 

0.3309 

1.9190 

Solphide  of  CariioD,  . 

0.I57S 

0.4146 

2«M 

SulphuroQs  Acid,    . 

0.1G53 

0.S1S9 

2.24T0 

0.1849 

0.Z302 

1.2474 

0.2423 

0.2S86 

1.I9II 

AramoniuGas 

o.bom 

0.2994 

0.6994 

ManhGas 

D.ng29 

0.3-'77 

0.SJ2T 

OlefiontGu,       .... 

0.3691 

Vapon. 

0.3372 

o.Kn 

W«wr, 

0.4TSO 

0.2990 

0.6210 

Alrobol,         .... 

0.4513 

0.7171 

1.6990 

Elber, 

0.4810 

1.2296 

).6561 

0.4253 

0.8293 

1.9021 

Chlorohydric  Elhcr.  . 

0.2T37 

0.6117 

J.2SS0 

Bromohj-dric  Elhcr, 

0.I8IG 

0.6777 

a.7ii< 

0.4009 

1.2968 

I.IISO 

Acetic  Acid 

0.400S 

I.21St 

3.0400 

Chloroform 

0.1  S63 

0.S310 

tM 

Dutch  Liquid, 

0.2393 

0.7911 

2.49 

Arelono, 

0.4125 

0.R311 

2.ono 

Benaile 

0.3745 

1,0111 

2.694S 

Oil  of  Tnrjwntino,      . 

o.9oei 

2.3776 

4.697S 

0.1346 

0.63S6 

4.7149 

Tcrehlorido  of  Arsenic, 

0.1122 

0.7013 

6.2910 

Clilorido  of  Silicon, 

0.1329 

0.778S 

bJiS 

Bichloride  of  Tin,      . 

0.0639 

0.8639 

•.a 

0.1263 

0.8634 

e.gs«o 

BXAT. 
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The  specific  licat  of  a  Bubstancc,  wlictlior  it  bo  a  solid,  a  liquid, 
or  a  gas,  is  always,  properly  speakiug,  tlie  iitiml>cr  of  units  of 
heat  required  to  raise  the  temperature  of  one  kilogmmmo  from 
0°  to  1" ;  and  the  term  is  invariably  used  in  this  eciise  in  relation 
to  tioth  solids  and  liquids.  But  in  tho  case  of  gases  some  im- 
portant truths  have  been  discorcred  by  comparing  together  the 
amounts  of  heat  required  to  raise  tho  temperature  of  equal  vol- 
umes from  0°  to  1°,  irresj.>ective  of  their  weight.  Tho  number  of 
units  required  can  in  any  case  bo  readily  calculated  from  the 
specific  heat  and  the  specific  gravity  of  the  gas,  and  this  quantity 
is  usually  called  the  specific  heat  by  volume. 

By  referring  to  Table  II.,  it  will  1)0  foiind  that  one  cubic  metro 
of  air  at  0°,  and  under  a  pressure  of  7H  c.  m.,  weighs  1. 20206 
kilogrammes.  Ilenee,  by  [100],  one  cubic  metre  of  air  at  0°, 
and  under  a  pressure  of  58-75  c,  ra.,  will  weigh  exactly  one  kilo- 
gramme ;  and  one  cubic  metre  of  any  other  gas  as  much  more 
or  less  than  ono  kilogramme  as  its  specific  gravity  is  greater  or 
less  than  1.  In  otlicr  words,  tho  number  which  stands  for  the 
specific  gravity  also  expresses  the  weight  of  one  cubic  metro 
under  the  above  conditions  of  temperature  and  pressure.  Now, 
since  the  quantity  of  beat  required  to  raise  the  temperature  of 
any  mass  of  matter  from  0'  to  1°  may  bo  found  by  multiplying 
the  specific  heat  of  the  substance  by  its  weight  (232),  it  is  evi- 
dent that  we  can  find  the  quantity  of  heat  required  to  raise  from 
0°  to  1°  the  temperature  of  one  cubic  metre  of  any  gas  under 
the  pressure  of  58.75  cm.,  by  multiplying  together  the  specific 
heat  of  tho  gas  and  tho  number  representing  its  specific  gravity, 
For  example,  tho  si>ccific  heat  of  hydrogen  is  3.404(J,  and  its 
specific  gravity  0.0G92,  The  product  of  those  two  numbers 
equals  0.2366,  wliich  is  tho  fractional  part  of  a  unit  of  iicat 
required  to  raise  the  temperature  of  one  cubic  metre  of  Iiydro- 
gcn,  measured  under  a  pressure  of  58.75  cm,,  from  0°  to  1°. 
In  like  manner  all  the  numbers  in  the  column  of  the  last  table 
headed  "  Specific  Heat  by  Volume  "  were  obtained.  These 
numbers  evidently  represent  tho  relative  quantities  of  heat  re- 
quired to  raise  the  temperature  of  equal  volumes  of  different 
gases  from  0°  to  1°,  and  the  absolute  numl>er  of  units  of  heat 
required  to  raise  the  temperature  of  one  cubic  metre  of  the  dif- 
ferent gases  measured  luider  a  prcssm'o  of  58.75  c.  ra.  from 

0°  to  r. 


i 
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By  comparing  the  numbers,  it  will  be  seen  that  the  ipeafc 
heats  by  volume  of  the  simple  gases  differ  but  slightlj  from  eadi 
other.  Indeed,  the  difference  is  so  small,  that  some  experimentr 
ers  have  concluded  that  the  specific  heats  of  all  the  simple  gases 
are  the  same.  The  results  of  Regnault  do  not  confirm  this 
theory ;  for  although  the  specific  heats  by  volume  of  oxygen, 
nitrogen,  and  hydrogen  are  by  his  determinations  very  nearly 
equal,  those  of  chlorine  and  bromine  are  much  greater  than  the 
rest,  although  equal  to  each  other.  These  differences,  moreoT^, 
are  too  large  to  be  accounted  for  by  errors  of  observation,  and 
probably  depend  on  inherent  qualities  of  the  gases  themselves. 

(237.)  Specific  Heat  of  Gases  under  Constant  Volume.  ~-\\ 
was  stated  in  (284),  that  a  portion  of  the  quantity  of  heat  re- 
quired to  raise  the  temperature  of  a  given  mass  of  matter  one 
degree  was  rendered  latent  in  producing  the  mechanical  eflfoct 
of  expansion,  and  that,  if  this  expansion  could  be  prevented,  the 
same  quantity  of  heat  would  probably  cause  the  same  elevation 
of  temperature  at  all  parts  of  the  thermometer-scale.  In  the 
case  of  solids  and  liquids  it  is  evidently  impossible  to  verify  this 
theory,  since  they  expand  with  an  irresistible  force.  We  do  not 
meet  with  the  same  difficulty  in  the  case  of  gases.  They  are 
easily  compressed,  so  that  their  volume  can  be  kept  constant 
by  enclosing  them  in  an  unyielding  vessel ;  and  we  should  there- 
fore naturally  expect  to  be  able  to  put  our  theory  to  the  test  of 
experiment.  Now  it  is  a  perfectly  well-known  fact,  that  a  ce^ 
tain  amount  of  heat  is  rendered  latent  in  producing  the  expansion 
of  a  given  mass  of  gas,  and  that,  on  condensing  the  gas  to  its 
original  volume,  the  same  amount  of  heat  is  set  free.  Indeed, 
the  temperature  of  a  confined  mass  of  air  can  be  raised  by  sudden 
mechanical  condensation  sufficiently  high  to  ignite  tinder. 

If  we  could  measure,  then,  the  quantity  of  heat  set  free  by 
mechanical  condensation,  we  should  be  able  to  determine  the 
quantity  absorbed  during  the  equivalent  expansion;  and  since 
we  know  the  quantity  of  heat  required  to  raise  the  temperatm^ 
of  one  kilogramme  of  gas  from  0**  to  1"  when  allowed  to  expand 
freely,  we  should  be  able  to  determine  the  quantity  of  heat  re- 
quired to  raise  its  temperature  from  0®  to  V  when  confined  and 
not  allowed  to  expand,  by  simply  subtracting  the  amount  ab- 
sorbed during  expansion. 

It  has  been  stated  that  at  0^,  and  under  a  pressure  of  58.76 


w 


m 


htO;  one  cubic  metre  of  air  weigbs  one  kilogramme ;  and  it  has 

Kii  Bbown  that,  in  order  lo  raise  tlio  tcoiperattiro  of  Uiis  mass 

Pof  air  ouc  degree,  (the  pressure  remaining  the  sumo,)  wc  must 

I  Impart  to  it  0.2877  unit  of  li<;at.     But  it  is  aUo  tnic  Uiat,  in 

K4MKiw!(iuence  of  the  increase  of  temperature,  the  volume  of  tlie 

I  kilogrammo  has  increased  ^,  that  is,  from  1  to  1;>!j  cubic 

t  (21C).     If  now,  by  increasing  the  pressure,  we  condense 

[.tbo  gas  to  its  initial  volume  of  one  cubic  metro,  a  certaiu  amount 

F  heat  will  be  set  free,  sufliciciit,  as  wo  will  assume,  to  raise  tlie 

^tanperoture  of  the  kilogramme  of  air  frum  1'  to  1°.42.     This 

■  itflows  tliat  alUiough  0.2377  unit  of  licat  will  raise  the  tempera- 

1  liiro  of  one  kilogramme  of  air  only  one  degree,  when  allowed  to 

izpand  under  a  constant  pressure,  it  will  raise  the  tcmjiei-ature 

r  tlie  same  mass  of  air  VA'l  when  confiiiod  and  preserving  a 

fwinstant  volume.     If,  then,  0.2377  unit  of  heat  will  raise  the 

npvrature  of  one  kilogramme  of  air  1°.42,  it  is  easy  to  calcu- 

Idltto  how  much  will  bo  required  to  raise  its  lemporatiire  one  dfr 

9  by  means  of  tlie  pro|)ortion  1.42: 1=0.2^77  :  x==0.1674. 

3118  quantity  is  the  specific  heat  of  air  under  constant  volume, 

I  the  difierence  between  0.1674  and  0.2377,  or  0.0703  unit,  is 

1  amount  of  heat  rendered  latent  in  producing  the  expansion 

fcon  tho  air  is  under  constant  pressure. 

It  is  evident  trom  tiie  above  illustration,  that,  if  wc  represent 

r  8  the  specific  heat  of  a  gas  under  constant  pressure,  and  by  t 

tiAe  small  increase  of  temperature  which  a  mass  of  gas  undergoes 

Eirfacn  condensed  jta  of  its  volume,  we  can  always  calculate  the 

ii|»ocifio  heat  under  constant  volume,  or  S',  by  the  proportion 

ll+ 1  '.l^  S:  S',  which  gives  for  the  value  of  S', 


S 
■  1  +  C 


s'  =  m-  [ICO.] 


An  obvious  method  of  determining  experimentally  the  specific 

Mt  of  a  gas  under  constant  volume  would  then  be  to  condouse 

I  gus  by  mechanical  means,  and  observe  the  increase  of  tem- 

Uure.     Such  experiments  have  been  made,  but  the  results 

piTe  been  in  all  cases  erroneous,  in  consequence  of  the  unavoid- 

I  lora  of  heat,  which  was  absorbed  by  the  walls  of  the  con- 

Ki^mecl.  —  In  like  manner,  when  we  attempt  to  determine 

!  heat  of  gases  under  constant  volume  by  other  direct 

iCt  at  once  by  practical  difficulties  of  a  similftr 
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kind,  and  no  process  has  as  yet  been  discovered  which  will  pte 
accurate  results.  We  are  therefore  obliged  to  resort  to  indirect 
methods ;  and  fortunately  such  a  method  is  fiimished  by  the 
principles  of  acoustics. 

By  analyzing  the  condition  of  an  elastic  fluid  during  the  tni»> 
mission  of  a  sonorous  wave,  Newton  obtained,  for  the  value  of  the 
velocity  of  sound  in  any  gas,  the  expression 


Jfi"-?' 


pel.] 


in  which  g  represents  the  intensity  of  gravity,  H  the  height  of 
the  barometer,  and  i  the  specific  gravity  of  the  gas  referred  to 
mercury  as  unity.  This  formula  gives  for  the  velocity  of  sound 
in  dry  air,  at  0**  and  when  ir  =  76  c.  m.,  the  value  t)  =  279.S 
metres,  which  is  less  than  832.25  metres,  the  true  value  as  asoe^ 
tained  by  experiment,  by  over  one  sixth  of  the  whole.  The  cause 
of  this  great  discrepancy  between  the  observed  and  calculated 
velocity  remained  for  a  long  time  unexplained,  until  Laplace 
showed  that  the  alternate  expansion  and  contraction  of  the 
elastic  fluid,  constituting  the  somid-wave,  must  produce  a  chauge 
of  temperature,  which  would  increase  the  velocity  of  tlie  trans- 
mission of  the  wave  itself.     In  order  to  take  into  account  the 

H 
effect  thus  produced,  Laplace  multiplied  the  quantity  g  --*^ 

the  formula  of  Newton  by  the  quotient  ^7,  obtained  by  dividing 

the  specific  heat  of  the  gas  under  constant  pressure  by  the  spe- 
cific heat  under  constant  volume.  As  thus  corrected,  the  formula 
of  Newton  becomes 

By  transformation,  we  easily  obtain  from  this  equation  the  ex- 
pression, 

S'  =SL- ^--J?,  [163.1 

by  which  we  can  calculate  the  specific  heat  of  a  gas  under  con- 
stant volume,  when  the  velocity  of  soimd  in  the  medium  and 
the  other  constants  are  known.  Now  tlie  velocity  of  sound  in 
air  has  been  several  times  carefully  determined  by  direct  experi- 
ment, and  is  probably  known  within  a  metre ;  and  starting  firom 
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B  Telocity  ia  air,  the  scionco  of  acoustics  furnishes  tlie  moans 
I  dctormiaing  the  velocity  ill  other  gasea.  Thus  it  is  tliat  wo 
3  IfCuu  able  to  determine  soiae  of  the  moat  refined  duUi  con- 
led  with  the  thermal  condilion  of  matter,  hy  moaiia  of  ph©- 
incDii  which  al  lii-st  sight  aeem  outircly  independent  of  tlio 
ifion  of  heat, 
fhu  s{)eci(ic  heat  under  constant  vofuvie  of  several  gases,  oa 
bermincd  by  Dulong  by  means  of  the  method  just  deseribed, 
prun  in  tlic  eecond  column  of  tlic  following  table  ;  but  these 
lies  muHt  be  regarded  as  only  approsimations.  The  corro- 
inding  values  of  specific  heat  under  constatU  pressure  are 
^OR  in  tlie  lirst  column,  repealed  from  the  table  on  page  472, 
lor  the  sake  of  comparison.  The  third  column  shows  the  dilTer- 
WOe  between  tha  specific  heat  under  the  two  circumstances,  and 

rlast  gives  the  value  of  1  +  i  in  formula  [100]. 
Speeijte  Heat  of  Equal  Volumes. 


P 

■P»P« 


Air, 

Oxide  of  Curl  ion, 

^CvboDic  Ai'ul,  . 

ifefiul  Gaa,  . 


0.2377 
0.3)12 
0.3356 
0.2399 


0.1673* 

0.1706 
0.1876 


"ho  numbers  m  the  first  column  of  the  above  table  repro- 
klt  the  fractional  part  of  one  unit  of  heat  required  to  raise  th© 

'.  of  one  cubic  metre  of  each  gas  (measured  under 

%  pressure  of  58.75  c.  m.)  from  0°  to  1°,  the  pressure  remain- 
ing constant,  the  gas  being  allowed  to  expand  freely,  and  in- 
creasing in  volume  jjj  of  a  cubic  metre.  The  numbers  in  the 
second  column  represent  the  corresponding  quantity  of  heat 
required  when  the  volume  is  kept  constant  by  increasing  the 
Bsure.  The  difference  of  these  quantities,  or  S —  S',  is,  then, 
\  quantity  of  heat  absorbed  by  one  cubic  metre  of  each  gas, 
red  aa  above  described,  in  expanding  ^fi  of  its  iuiUal 


we  tbonld  obtain,  for  the  Tklne 
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By  comparing  the  quantity  of  heat  thus  rendered  latent  in 
the  case  of  air  with  that  which  remams  free,  and  consequenAf 
raises  the  temperature  of  tlie  gas,  it  will  be  found  that  they  sUnd 
to  each  other  very  nearly  in  the  proportion  of  2  to  5.  Hence,  oC 
seven  units  of  heat  imparted  to  a  mass  of  free  air  for  the  pu^ 
pose  of  increasing  its  temperature, —  as,  for  example,  in  warming 
the  air  of  a  room,  —  two  units  are  absorbed  in  expanding  the 
air,  so  that  the  elevation  of  temperature  results  entirely  from 
the  remaining  five. 

By  comparing  the  values  of  S —  iS',  it  will  be  noticed  that  the 
quantity  of  heat  absorbed  by  equal  volumes  of  these  different 
gases,  in  expanding  to  an  equal  extent,  is  very  nearly  the  same 
in  all  cases.  Dulong  has  verified  this  principle  in  the  case  of  a 
large  number  of  gases  not  included  in  the  above  table,  and  has 
stated  the  law  in  the  following  simple  terms :  — 

1.  Equal  volumes  of  all  gases  ^  measured  at  the  same  iemperor 
ture  and  pressure j  set  free  or  absorb  the  same  quantity  of  heat 
u^hen  they  are  compressed  or  expanded  the  same  fractional  part 
of  their  volume. 

If  the  specific  heat  of  the  gases  were  all  equal,  the  same 
change  of  volume,  and  consequently  the  same  absorption  or 
liberation  of  heat,  would  cause  tlie  same  change  of  temperature. 
This,  however,  is  not  the  case,  except  with  oxygen,  hydrogen,  and 
nitrogen.  The  specific  heats  of  the  compound  gases  differ  very 
considerably  from  each  other,  and  the  change  of  temperature 
caused  by  the  same  change  of  volume  is  smaller  in  proportion  as 
the  specific  heat  of  the  gas  is  greater.  Hence  the  second  law  of 
Dulong,  which  should  be  read  in  connection  with  the  first. 

2.  The  variations  of  temperature  which  result  are  in  the  in- 
verse ratio  of  the  specific  heats  under  constant  volume. 

Whether  these  empirical  laws  of  Dulong  are  the  exact  expres- 
sions of  the  truth,  or  whether  they  are  merely  close  approxima- 
tions, remahis  yet  to  be  ascertained  by  further  investigation. 

(238.)  Mechanical  Equivalent  of  Heat,  —  The  doctrine  of  the 
conservation  of  the  physical  forces  has  furnished,  through  the 
investigations  of  Joule  on  the  mechanical  equivalent  of  heat,  a 
most  remarkable  confirmation  of  the  results  of  the  last  section. 
According  to  this  doctrine,  there  is  an  exact  equivalency  of  cause 
and  effect  between  all  the  forces  of  nature.  Thus,  in  the  case 
of  heat,  it  would  assume  that  a  given  mechanical  effect  would. 
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pndcr  nil  circumstances,  be  accompanied  l>y  Ibc  absorption  of 
In  same  amount  of  heat;  and  conversely,  Miat  the  samo  quantity 
t  heat  bIiouM,  under  all  conditions,  do  the  Hamo  amount  of 
iciianicnl  worlt  —  for  example,  ebould  raiso  a  given  weigiit 
rough  tbu  Mime  height  —  in  whatever  way  it  maybe  applied. 
pit  b  a  wcU-lcnown  fact,  tliat  friction  is,  under  all  circtim- 
iDces,  attended  with  evolution  of  heat.  Now,  since  friction 
jtrcsents  the  expenditure  of  force,  it  follows  that  the  quantity 
t  heat  evolved  by  friction  is  tbo  e(]uivalcnt  of  the  mechanical 
rcc  expended  in  overcoming  it.  Joule  was  tlierefore  able  to 
t  tito  mechanical  equivalent  of  heat,  by  measuring  tbo  quantity 
of  heat  generated  by  friction,  and  comparing 
this  with  the  power  (42)  expended  in  over- 
coming the  friction.  The  heat  was  generated 
by  tlie  friction  of  water,  and  tlie  apparatus  he 
used  for  tlie  purpose  is  represented  in  Fig. 
30.5.  It  consisted  of  a  brass  paddle-wheel, 
furnished  with  eight  sets  of  revolving  arms, 
w^^^^^^mm,  working  between  four  sets  of  stationary  vanes 
j^_  I^^^^^SIlu  affixed  to  a  framework,  also  of  sheet-brass. 
^^B       "*  *^  This  frame  fitted  firmly  into  a  copper  vessel 

^Kp  containing  from  six  to  seven  kilogrammes  of 

^Tater,  In  the  lid  of  the  vessel  tliere  were  two  necks,  tliu  first  for 
Uio  axis  to  revolve  in  without  toucliing,  the  second  for  the  inser- 
lion  of  tlio  thermometer.     The  paddlo-whecl  was  set  in  motion 

^  means  of  two  weights  connwtcd  with  its  axis  by  a  system  of 
ds  and  pulleys,  as  represculed  in  Kig.  3trtt.     In  making  the 
icrimcnts,  tbo  weights  wore  wound  up  Ity  means  of  the  htuidlo 
tched  to  the  wooden  cyliuder  v$,  and  after  observing  tba  ^ 
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temperature  of  the  water  in  the  rcKScl,  tlio  cylinder  was  fixnl  tii 
tlie  axis  of  the  paddle,  wliich  vas  then  made  to  rerolvo  \>y  Uie  till 
of  the  weights  to  the  floor  of  the  luboratorr,  causing  a  Iriction 
against  tlio  water  in  the  vessel.  Tlic  cylinder  waa  than  remimd 
from  t)ic  axis,  the  weiglits  wound  up  again,  and  the  frii;tiou  re- 
newed. After  this  had  been  repeated  twenty  times,  the  exptri- 
tnent  was  concluded  with  another  ohBcrvation  of  tho  temficrutim 
of  the  water.  Tlio  mean  temperature  of  the  ialnnuUiry  wu 
dotcrrained  by  observations  mado  at  the  beguuiing,  niiddlis,  and 
end  of  tho  experiment,  and  tho  quantity  of  heat  which  the  vessel 
lost  by  radiation  and  other  causes  was  determined  in  every  o 
by  means  of  a  second  experiment,  mado  under  precisely  Uie  M 
circumstances  as  the  fu'st,  with  tlic  apparatns  at  reiiL  It! 
then  easy  to  calculate,  by  means  of  [159],  the  number  of  i 
of  heat  developed  by  the  friction  of  tlio  water,  siacc  Uio  n 
of  the  copper  vessel,  of  tho  brass  paddle  and  frame,  aud  c 
water,  as  well  as  their  several  capacities  for  heat,  and  tho  ini 
of  temporaturo  caused  by  the  friction  of  iho  particles  of  i 
were  known.  This  quantity  of  heat  was,  then,  evidentlj^ 
equivalent  of  the  mechanical  forijo  espcudud  in  movin^l 
paddles  and  overcoming  the  friction.  In  order  to  cstilf 
the  mechanical  force  tlius  expended,  the  ralno  of  tho  \ 
tho  height  tlirough  which  tliey  fell,  and  the  veloci^  < 
fall,  were  accurately  measured. 

In  one  series  of  experiments,  tlie  value  of  tho  weight*.! 
406,152  grains,  the  total  fall  in  inches  1,260.248,  and  tM 
locity  2,42  inclies  per  second.  The  weight,  starting  fn>m  tho  I 
of  rest,  soon  acquired  tho  velocity  of  2.42  inches,  and  alien 
moved  with  a  uniform  motion  until  it  reached  the  ground,  i 
the  velocity  was  destroyed.  Puring  tho  uniform  mutioti, 
evident  that  the  intensity  of  tlio  force  of  gravity  acting  oi^ 
weights  was  entirely  expended  ui  overcoming  the  friction  o 
water  (42)  ;  but  before  the  motion  became  uniform,  a  pnii 
of  tlie  force  was  cxpoudod  in  imparting  velocity  to  the  well 
The  whole  mechanical  power  expended  in  overcoming  thai 
tion  of  tlio  water,  and  thus  generating  heat,  is  then  tho  powerfl 
erated  by  the  force  of  gravity  acting  on  tho  mass  of  tiio  n 
through  tlio  whole  distance  fallen,  less  tho  power  generated 
the  same  force  acting  througii  tho  distance  n'finired  bi 
a  velocity  of  2.42  iuches.     By  [6],  wc  find  that  a  fail  t 
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176  of  an  iiicU  would  unp&rt  a  Telocity  of  2.42 ;  and  »ince  the 
iglits  were  wouud  up  twenty  times  in  each  experiment,  a  fall 
■Dugh  twenty  times  0.0070,  or  0.152  inch,  would  represent 
I  eiitiro  loss  duo  to  Uio  incroaso  of  velocity.     Honco  tlie  luo- 

inical  ptjwer  oxpnded  in  overcoming  the  friction  of  tlio  water 
B  a  force  having  tbo  intensity  of  40ti,lo2  grains,  actuig  through 
I60.09G  inches.     Compare  (GO). 
Wo  have  assumed,  in  this  estimato,  that  the  ititon^ity  of  ths 

0  of  gravity  was  entirely  csj)cndcd  in  overcoming  tho  Diction 
tJio  whole ;  hut  this  was  not  the  case,  for  a  portion  of  tlie  force 
B  nticd  in  ovorcomiug  the  friction  of  the  pnilcys  and  the  rigid- 
'  of  the  cord.  Thia  was  ascertained  by  a  soparalo  cx|>erimcnt, 
vliich  the  pulleys  and  cord  were  disconnected  from  tlio  paddle- 

eel,  to  he  equal  to  2,837  grains  acting  during  the  whole  time, 

ich,  deducted  from  the  vahio  of  tlio  weights,  gives  403,316 
dna   for   tho   actual   force   overcome   by   the   friction.     Tlu« 

»,  Rising  through  1,200.090  inches,  is  equivalent  to  a  force  of 
050.186  })ounds  acting  through  ono  foot,  or,  usijig  tlio  technical 
prcssion,  to  6,050.180  foot>pounds.  But  in  order  to  obtain  tho 
lole  power  overcome  by  Iho  friction,  wo  must  add  to  this  amount 
.&28  foot-pounds  for  the  force  developed  by  the  elasticity  of 
)  string  after  Ibo  woiglita  touched  the  ground,  making  the 
lole  mechauical  force  expended  in  overcoming   friction,  and 

s  developing  heat,  equal  to  0,007.114  foot-pounds,  as  the  mean 
ftll  tlic  experiments  of  the  scries.  The  same  series  of  cxperi- 
Hits  gave,  for  tho  mean  value  of  the  quantity  of  heat  evolved, 
42299  English  units  ;  *  and  hence,  V^^  =  I'Z.G-i  foot- 
d.i  will  be  the  force  which  is  equivalent  to  one  English 
of  boat. 

Ill  Uieso  experiments  a  portion  of  the  force  is  used  in  ovor- 
niiig  tlie  resistance  of  the  air,  and,  making  the   correction 

Bssarj  to  reduce  the  results  to  a  vacuum,  and  omitting  the 

tiou,  wo  get  772  foot-pounds  as  tho  mechanical  equivalent, 
ich  Joule  regards  as  tho  mo^^t  probable  value.  Similar  ex  per  i- 
nts,  in  which  the  friction  was  produced  by  an  iron  paddlo- 

wl  revolving  in  mercury,  and  others,  iu  which  it  was  produced 
itwo  cast-iron  wheels,  gave  for  the  moclianical  equivalent  of  heat 
I  foot-pounds, —  a  number  which  is  surprisingly  near  the  first. 

Ttic  Eng^liih  unli  or  heal  is  the  i|UBDiin  or  heal  rwiuiml  to  taiM  ono  avoirdupuii 
or  WDtrr  one  Fahrenheit  (Icgrai  between  SS"  uid  60°- 
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We  have  given  the  above  calculation  in  English  weights  and 
measures,  because  it  is  so  given  in  the  original  memoir*  to 
which  we  would  refer  for  further  details.  In  the  French  system, 
these  results  correspond  to  423  and  424  kilogramme-metros, 
or,  in  other  words,  the  unit  of  heat  is  equivalent  to  a  force  d 
423  kilogrammes  acting  through  one  metre. 

Let  us  now  see  in  what  way  these  results  of  Joule  confirm 
those  stated  in  the  last  section.  It  will  be  remembered  that  the 
value  of  the  specific  heat  of  air  under  constant  volume  was  de- 
duced from  the  velocity  of  sound.  This  value  furnishes  us  with 
all  the  data  required  for  calculating  the  mechanical  equivalent 
of  heat ;  and  if  the  doctrine  of  the  conservation  of  forces  is  cor- 
rect, the  equivalent  calculated  from  the  velocity  of  sound  ought 
to  agree  with  that  determined  by  Joule  from  liis  experiments  on 
friction.  Such  an  agreement  would  not  only  confirm  tlie  value 
which  has  been  assigned  to  the  specific  heat  of  air,  but  it  would 
also  tend  to  confirm  the  doctrine  in  question. 

Let  us  suppose  that  we  have  a  cylinder,  the  area  of  whose  base 
equals  1  cTm.',  filled  to  the  height  of  273  c.  m.  with  air  at  0®  and 
under  a  pressure  of  76  c.  m.  By  Table  II.  the  weight  of  this 
mass  of  air  would  be  equal  to  0.3531  gramme.  If  we  raise  tlie 
temperature  of  this  air  from  0**  to  1**,  it  will  expand  ^i^  of  its 
volume,  and  will  rise  in  the  cylinder  one  centimetre,  thus  lift- 
ing the  weight  of  the  atmosphere  on  the  base  of  the  cylmdcr  — 
1,033.3  grammes — through  this  distance.  The  quantity  of  heat 
required  to  raise  the  temperature  of  0.3527  gramme  of  air  from 
0°  to  1**  is,  by  (230),  equal  to  0.3527  X  0.000237,  or  0.0000836 
unit.  Of  this  amount,  a  part  only  is  consumed  in  expanding 
the  air,  the  rest  remaining  free  and  increasing  the  temperature 
of  the  mass  of  gas.  By  (237),  the  part  which  docs  the  mechan- 
ical work  is  equal  to  the  difference  between  the  specific  heat  under 
constant  pressure  and  the  specific  heat  under  constant  volumti. 
Hence,  in  the  present  case,  it  is  equal  to  [160] 

0.0000836  —  (0.0000836  ^  1.417)  =  0.0000246  unit  of  heat 

It  follows,  then,  that  in  the  expansion  of  air  0.0000246  unit  of 
heat  will  raise  1,033.3  grammes  one  centimetre,  or,  what  is  equiv- 
alent to  this,  one  unit  of  heat  will  raise  419  kilogrammes  one 

*  Philosophical  Transactions,  London,  1850,  Part  I.  p.  61. 


metre.  The  diflbronco  botweeii  this  ralno  of  the  mechanical 
Cquimlent  of  hcnt  ftn<i  that  oljtauitid  by  Joule  (423  kilii^ninime- 
nietrex)  ia  yory  timall,  couBidering  the  entirely  helci-ogeuoous 
d«ta  which  enter  into  tlie  cnlciilation. 

AsHumiii^,  tlieii,  tliat  the  doctrine  of  tho  inechaiiicnl  c^iiivo- 

'■m'joT  hoat  is  established,  it  follows  tliat  the  law  of  Dnloug 

'  J;J7)  lioldn  in  all  cases  wht-rt-  tlie  siime  mechanical  |mwcr,  act- 

ii;r  on  eqiinl  volumes  of  dilTereiit  giisos,  causes  the  >unio  amount 

:  condciiiialion.     But,  as  we  have  eceii,  this  is  not  always  the 

,-e ;  licncc  tlic  law  of  Diilonp;  must  be  subject  to  tlie  fama  limi- 

mn  as  lh.1t  of  Mariotlc  (105).     Indeed,  tho  law  of  Dulong  is 

ibahly  only  an  imperfect  expression  of  Uie  mechanical  cquiva- 

cy  of  heat,  and  is  true  so  far  as  the  same  expansion  or  com- 

ioa  represents  the  same  amount  of  mechanical  work. 


unvxir 


specific  Ileal, 
How  much  heat  is  requircil  to  r^se  the  lemperaiure  of 

300  kilogmDmes  of  water       from         4°  C-  to       94° ' 


9  46T  gnmntc*  of 


diorroal     ' 

alcohol 

etitcr 


^3.  Calculate  the  qunntitj  of  hent  which  is  required  to  raise  the  (em- 
penUure  of  the  wciglit  of  the  different  elements  rcpreeeiited  by  their  chem- 
ical equivalents  one  degree. 

293,  "ITie  following  quantities  of  water  were  mised  together :  — 
S  kitogninmc)  of  water  il  1 0°  C., 
S  "  "  '•         SOO. 

B  "  "  "         20°. 

7         '■         "        "      la". 
UluU  was  the  lomperature  of  the  miicture  ? 

20<.  The  quaatitie^  of  water  »!,  w,,  w„  w„  at  the  respective  lempeiB- 
lan»  of  I,',  tt",  i,",  i,',  were  mixed  together.  What  was  the  tempera- 
ture of  the  mixiui«? 

205.  IIuw  much  water  at  93°  and  how  much  water  at  11°  must  be 

nuxed  losether,  in  order  to  obtain  20  kilogrammes  of  wattr  at  .SO'  ? 

2!JG.  Determine  tlio  temperature  of  n  mixture  of  one  kilogramme  of 

W  an<I  one  kilogramme  of  mercury  at  0° ;  aUo  of  one  kilo- 

raercury  at  100°  and  oni-  kilosrnmme  of  water  «t  0°. 

w  many  kiluijniuuues  oi'mcruury  at  100°  must  t>e  added  to  one 
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kilogramme  of  water  at  0®  in  order  that  the  temperature  of  the  iidxtvn 
may  be  50^  ?  Also,  bow  much  water  at  100*  must  be  added  to  one  kikh 
gramme  of  mercurj  at  0**  to  raise  its  temperature  to  50*  ? 

298.  Equal  volumes  of  mercury  at  100*  and  water  at  0*  are  ndied 
together.     Required  the  temperature  of  the  mixture. 

299.  A  mass  of  matter  weighing  6.17  kilogrammes  at  the  tempentnn 
of  80*  is  mixed  with  25.45  kilogrammes  of  water  at  the  temperature  of 
12*.5.  The  mixture  is  found  to  have  the  temperature  of  14*.17.  Whit 
is  the  specific  heat  of  the  body  ? 

300.  How  many  kilogrammes  of  gold  at  45*  would  be  required  to  nm 
the  temperature  of  1,000  grammes  of  water  from  12*.S  to  15*.7? 

301.  The  specific  heat  of  an  alloy  containing  one  equivalent  of  kid 
(103.6  parts)  and  one  equivalent  of  tin  (58.8  parts)  was  found  by  experi- 
ment to  be  0.0407.  How  does  this  value  correspond  with  that  which  mij 
be  calculated  on  the  assumption  that  the  alloy  b  a  mechanical  mixture  of 
the  two  metals  ? 

302.  The  specific  heat  of  sulphide  of  mercury  (Hg  S)  was  foond  hj 
experiment  to  be  0.0512.  How  does  this  value  agree  with  that  calculited 
on  the  assumption  made  in  the  last  problem  ? 

303.  A  piece  of  iron  weighing  20  grammes  at  the  temperature  of  98* 
is  dropped  into  a  glass  vessel  weighing  12  grammes,  and  containing  150 
grammes  of  water  at  10*.  The  temperature  of  the  water  is  thus  raised  to 
11*.29.  Required  the  specific  heat  of  iron,  knowing  that  the  specific  heit 
of  glass  is  0.19768. 

304.  The  weights  of  different  substances,  «?,,  tr,,  tr,,  1^4,  at  the  re- 
spective temperatures  /,*,  ^*,  <j®,  ^4°,  and  having  the  respective  specific 
heats  ^11  Cf,  C3,  C4,  are  supposed  to  be  mixed  together.  Required  the  tem- 
perature of  the  mixture  in  terms  of  the  other  values. 

305.  Calculate  the  specific  heat  of  oil  of  turpentine  from  the  follow- 
ing data :  42.57  grammes  of  the  oil  at  33*.7  were  mixed  with  470Ji 
grammes  of  water  at  12*.23  ;  the  temperature  of  the  mixture  was  found 
to  be  13*^.07 ;  the  oil  was  enclosed  in  a  glass  tube  weighing  5.25  grammes 
and  having  a  specific  heat  equal  to  0.177 ;  lastly,  the  water  was  contained 
in  a  copper  vessel  weighing  45.25  grammes,  and  having  a  specific  heat 
equal  to  0.095. 

306.  A  platinum  ball  weighing  150  grammes  is  heated  to  1,000*,  and 
then  plunged  into  one  kilogramme  of  water  at  10*.  Afler  an  equilibrium 
is  established,  how  high  is  the  temperature  of  the  water,  assuming  that 
the  water  receives  all  the  heat  which  the  platinum  ball  loses  ?  If  the 
water  is  contained  in  a  brass  vessel  weighing  200  gnunmes,  how  high 
would  be  the  temperature  of  the  water  ? 

307.  A  platinum  ball  weijjhing  100  grammes,  after  havinsr  been  ex- 
posed for  bome  time  to  the  heat  of  a  furnace,  is  thrown  into  a  brads  vessei 
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ffffitfrm*"g  750  grsmmeB  of  water  at  5°.  The  weight  of  the  braM 
amounted  to  150  grammesy  and  the  temperature  of  the  water  afler  tlie 
equilibrium  was  established  to  15®.  What  was  the  temperature  of  the 
fbmaoey  assuming  that  no  heat  was  lost  from  the  vessel  and  water  during 
the  experiment? 

808.  How  much  heat  is  required  to  raise  the  temperature  of  one  cubic 
metre  each  of  air,  oxygen,  carbonic  acid,  and  hydrogen  from  0®  to  15%  as- 
•oming  that  the  gas  is  allowed  to  expand  freely,  and  that  the  pressure  is 
oonstant  at  76  c  m. 

809.  A  room  measures  7  metres  by  6  on  the  floor,  and  is  4  metres  high. 
How  much  heat  is  required  to  raise  the  temperature  of  the  air  in  tliat 
room  from  5^  to  18®  when  the  barometer  stands  at  76  c  m.  ?  How  much 
keai  is  lost  in  expanding  the  air  of  the  room  ? 

810.  How  much  heat  would  be  required  to  raise  1,000  kilogrammes  of 
water  100  metres,  if  the  full  effect  of  the  heat  were  realized? 


EXPANSION. 

(239.)  Coefficient  of  Expansion.  —  It  has  already  l>ocn  niaUul 
(216)  that  the  first  effect  of  heat  on  matter,  in  either  of  itif  ihrm 
slates,  is  to  expand  it ;  and  we  have  ali»o  examined  th<5  uumi 
iIl^K>rtant  means  by  which  the  effects  of  ex[iaii«ion  aro  iiM;d  un  a 
measure  of  temperature.  We  will  now  etudy  the  phenomena  of 
expansion  more  in  detail ;  but,  fin$t,  we  will  entabliith  a  Utw  for- 
mulsB  by  which  the  amount  of  exijain^iou  can  be,  in  any  cium;, 
readily  calculated. 

Linear  Expansion.  —  The  small  fraction  of  liM  httifgih  by 
which  m  rod  of  iron,  or  of  any  otli^rr  M/lid,  (mi:  Ui/sira  Umff^ 
expands,  when  heated  fr<>m  (T  to  1*,  is  t:idM  th^  O/effiri/'nl  of 
Umear  Expansion  of  the  solids  A  bar  of  jr^^n  ^ntit  atidr^t  Iz/iig  ai 
or  becomes  1.0000122  at  1%  and  th^  Miiall  fnujiUm  0.^/^/0012^2  is 
die  coefficient  of  linear  exfiansioci  <if  ir^^.  if  w^  mtkmmt  tl«at 
die  expansiMi  is  proportiMul  to  th^  Uaui/^nUiins^  Hitm  a  Iat  ^/f 
iroo  one  metre  lon^r  at  Q*  becooies  1//0122  uMrt»  |//ti|f  at 
l«r,  1.00244  at  'J/f,  1/MM  at  5W,  -rt«,  U^:iMPfi  a  tmr  // 
2»JSi^  metref  k««r  at  (T  wwM  J>:»ryya^  i/MMSl   x  2«J!S54 

9S^15  at  5<W*.    To  laak*:  tl*<ir  *^Auiy/u  jc^Mral^  kt  ir  ««  ^//^ 

of  expaxi»fCA ;  djwt  l^k  am  ljj^:r*^iu^  l^^U  *A  *  t'A 

is  ooe  u0iiTH  W^t  at  V.  lA^^  \^AVrA  V/  V. uA  ^\  -^fb,  — 


'  I  >  ^  ^1 
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a  rod  at  f  which  is  /  metres  long  at  0^.  Bepresentingy  then,  bj 
f  y  this  increased  length,  wo  have 

by  which  we  can  easily  calculate  the  length  of  a  rod  of  anj 
metal  at  f^  when  its  length  at  0^  and  its  coefficient  of  expansion 
are  given.  The  coefficients  of  expansion  of  the  solids  most  fre- 
quently used  in  the  arts  are  given  in  Table  XV. 

It  is  frequently  the  case  that  we  do  not  know  the  length  of 
the  rod  at  O"*,  but  only  at  some  other  temperature,  ty  and  it  is 
required  to  determine  the  length  at  a  second  temperature,/', 
which  may  be  either  higher  or  lower  than  t.  To  obtain  a  formok 
for  the  purpose,  denote  by  /  the  unknown  length  of  the  rod  at  0", 
by  /'  the  known  length  at  f^  and  by  /"  the  required  length  at  f. 
We  have  tlien,  as  above, 

/'  =  /(!  +  ^  A:),         and         /"  =  /  (1  +r  *). 

By  combining  these  equations,  we  obtain 

'" = ^'  (r+7i)  =  ?  [1  +  *  r^  -  0  +  Ac.]     [165.] 

All  the  terms  of  the  quotient  after  the  first  may  be  neglected, 
because  they  contain  powers  of  the  already  very  small  fraction  t. 

We  have  assumed  that  the  expansion  of  solids  is  proportional 
to  the  temperature,  but  this  is  not  strictly  true ;  for  the  rate 
of  expansion  of  solids,  like  that  of  mercury  (219),  increases, 
although  but  very  slightly,  as  the  temperature  rises.  The  co- 
efficient of  expansion  is  not,  therefore,  absolutely  the  same  at 
all  parts  of  the  thcrmometcr-scale ;  but  the  difference  is  so  small 
that  wo  can  neglect  it,  except  in  the  most  refined  investiga- 
tions, more  especially  if  we  use,  not  the  coefficient  observed  at 
any  particular  temperature,  but  a  mean  coefficient  obtained  by 
dividing  by  100  the  total  amount  of  expansion  between  0*  and 
100",  by  which  means  we  average  the  error. 

Cubic  Expansian.  —  The  small  fraction  of  its  volume  by 
which  one  cubic  centimetre  of  a  solid,  liquid,  or  gas  increases 
when  heated  from  0°  to  1",  is  called  the  Coefficient  of  Cubic 
Expansion  of  tliat  substance.  The  coefficient  of  expansion  of 
mercury,  for  example,  is  0.00018  ;  that  is,  one  cubic  centimetre 
of  mercury  at  0"  becomes  1.00018  c.m.*  at  1**.     Assuming  then 


tlial  ihe  expansion  is  proportional  to  tlio  temperature,  we  obtain, 
b^  tba  saiao  course  of  reasoning  as  al>ove,  the  formula 


r'=  r(i  +  (  A-); 


[166.] 


^pWhich  tlie  increased  volume  (V)  of  any  mass  of  matter  may 
be  calculated,  when  the  volume  at  0°  (  V"),  llie  temperature  (0, 
and  Ihu  coefHcicnt  of  ciiblu  expansion  (AT),  are  known.  lu  like 
naaner  wo  easily  obtain  tlie  formula 


I 


=  r[i  +  jr  (<■-()], 


[167.] 


b  will  enable  us  to  calculate  tlio  volume  of  a  body  at  t"  from 
tlio  volume  at  t"  and  the  coeHicient  of  oxpaiisiun. 

(240.)  The  Coejicient  of  Cubic  Expamion  is  three  times  as 
^eat  as  the  Coefficient  of  Lirtvar  Expansion.  — The  truth  of  this 
simple  principle,  which  enables  ua  to  calculate  one  coofScicnt 
when  the  other  is  given,  can  easily  be  proved.  For  this  purpose, 
let  us  suppose  that  wo  have  a  cube  of  glass  measuring  one  cen- 
timetre on  each  edge  at  0°  ;  and  let  us  inquire  what  will  he  its 
increased  volume  at  1°,  assumhig  tliat  the  coefficient  of  linear 
expulsion  is  known.  At  1*  each  edge  of  this  glass  cube  will 
be  (1  -}-  i)  c.  m.  long.  Hence  the  increased  volume  of  the  cube 
wUl  bo  cM^nal  to  (.1  -j-  A)'  =  1  +  3  <t  +  3  A"  +  Ar» ;  but  as  ft 
U  an  exceedingly  small  fraction,  If  and  A-*  may  be  neglected 
iu  coroparison  without  any  sensible  error,  so  that  the  voliune 
of  a  cube  of  glass  which  is  ono  cubic  centimetre  at  0'  becomes 
(1  -J-  3  A')  eTia.'  at  1'.  Since  by  [160]  tlie  volume  of  this  same 
cube  at  1*  would  also  bo  expressed  by  (1  -f-  E)  cToi.',  it  follows 
thAt  K=Zk,  which  was  to  be  proved. 

(241.)  The  increased  capacitt/  of  a  hollow  vessel,  in  conse- 
f/ufnce  of  the  expansion  of  its  icafl,  vwy  be  found  by  catculat- 
inff  Ike  increased  volume  of  a  solid  mass  of  the  same  substance 
yehich  would  just  fill  (he  interior  of  the  vessel.  —  A  moment's 
reflection  will  show  Ihe  truth  of  this  statement.  Let  the  hollow 
veesel  be  a  gloss  globe,  and  let  us  conceive  of  it  as  filled  with  a 
rolid  glol>c  of  glass.  If  this  mass  be  heated,  it  is  evident  that 
th«  gla.s9  vessel  will  expand  just  as  if  it  formed  the  outside  slietl 
t  a  solid  globe  ;  the  same  must  be  true  when  the  interior  core  is 
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Expansion  of  Solids. 

(242.)  Measyrement  of  Linear  Expansion. — Tlie  earBett" 
accurate  determinations  of  the  coefficionts  of  linear  expannioii  ul 
solids  were  made  bj  Lavoisier  and  Laplace  with  the  a)iparatuf 
represented  in  pcrspoctivo  by  Fig.  367,  and  io  section  by  Fig.  S6i 
This  apparatus  consisted  of  two  parts :  first,  of  s  copper  tai^ 
in  which  a  bar  made  of  the  solid  whose  coefficient  wus  \a  be 
determined  was  lieated  to  a  uniform  temperature  by  immetting 
it  in  heated  oil  or  water  ;  and,  secondly,  of  four  stone  post*  sup- 
porting an  ingenious  contrivance  for  measuring  the  increase  of 


length.  The  solid  bar,  alwut  two  metres  in  length,  rested  in  ti>e 
tank  on  rollers,  with  one  end  bearing  against  an  upright  immor- 
able  glass  bar,  J^(see  Fig.  368),  firmly  fastened  by  cross-pieces  U) 
the  two  stone  posts  on  the  left-hand  side  of  Fig.  867,  and  with 
tiie  other  end  bearing  against  the  lover,  D.    The  upper  ro4rf 


this  lever  -was  attached  to  a  horizontal  ajtis  turning  in  mx^sC^ 
inserted  into  the  two  stone  pillars  on  the  right  of  Pig.  S67,  BD  ^ 
having  at  one  end  the  telescope,  G,  adjusted  with  its  axis  perpcs^ 
dicular  to  the  lever  D.  The  telescope  was  funualied  with  ^ 
micrometer  eye-piece,  and  as  it  was  turned  by  flie  expandoo  o^ 
the  bar,  tlie  cross-wires  moved  over  the  divisions  of  a  scato,  A  Bf 
placed  in  a  vertical  position  at  the  distance  of  fifty  metm  0^ 
more  from  the  insti'umont. 


BtUT. 


405 


Tlifl  apparatus  was  used  in  the  following  nuinnor.    Tlio  bor 

baring  Iwcn  placed  in  position.  Hie  tank  was  fillud  witli  icocold 

irator,  uid  tlio  obsen'er  noted  tlie  diviKioii  of  tUo  suiile  un  which 

the  cross-wire  of  llie  leWscopo  was  projected.     Tlio  cold  water 

Wks  tlien  withdrawn  by  a  tstupcock,  and  its  placo  Bupplictd  with 

""     ling  wat-er.      The  temperatiiro  soon  1)ecaino  xtntioimry  and 

I  ascertained  by  the  rmo  dig  tors  placed  at  the  side  of  tlio  bar, 

ten  the  observer  again  noted  tlio  division  on  the  tcala  with 

kh  tlie  cross-wiro  of  the  tulcscopo  coincided.     Knowing,  now, 

I  distance  A  B  on  tlio  scale  over  which  the  cPO!<ii-wiro  hnd 

FTcd,  also  the  distance  A  G  o[  the  scale  from  the  axiii  of  n> 

ba  of  the  telescope,  and,  lastly,  tlio  length  of  tlio  levor  O  H, 

^  was  easy  to  determine  tlie  value  of  IJ  C,   llic  elongation  of 

The   two   triangles  A  H  G    and  H  V  G  are    Minilar 

r  CQustniction,  and   we  liavo  B  C  :  11  O  =■  A  ii  :  A  (I,  ot 

tC  =AB  j-Q.    The  value  of  ^-^  dopcndu,  evidently,  oti 

Sie  dimeuwona  of  the  apparatus.      In   tlial  imcd   by    Lavoiaier 

utd  Laplace  it  was  about  jij,  so  tliat  IICt='.        and  hrncn 

any  error  in  the  measurement  o(  A  B  wa.i  divided  744  timen  In 

the  result. 

The  lengUi  of  the  bar  at  0"  being  known,  and  tho  elongation 
correopoudiug  to  an  observed  number  of  degmein  huving  lieen 
measured  as  just  deacritwd,  it  was  eai^  to  determine  the  coeflt- 
ciont  of  expansion  by  dividing  the  elongation  In  fractioni  of  a 
metre  by  tlve  length  of  the  b«ir  io  metres  and  I7  th«  number  of 
degrees.  For  example,  let  ms  mjppoM  that  (be  length  of  tlie  Inr 
at  0*  was  1.786  m.,  and  that  the  elongation  eorre*p<indlng  Ut  84* 
was  0.004  ;  tl>e  coefllcietit  of  ezfiannon  would  tlieu  be  0.004  ^ 
(1.798  X  80)  =  O.«)0028. 

Since  tbe  ezperimeDts  of  hsrxtMcr  and  Laplace,  Uie  linear 
cncScieot  of  ezpanrion  of  glau  and  of  tJie  metals  nott  uwd  in 
the  art!  has  been  redetemioed  by  a  numljer  of  phyiidsb,  and 
with  TBTKiits  methods ;  but  as  tbcM  metbodi  do  oot  ia*olra  itw 
aiiplkstiOD  of  any  new  principle,  it  is  not  bnportant  to  Anailie 

(348.')  Dftermimatiom  ef  CetfieUmt  of  OMe  Erpantion.  — 
We  bare  almdy  nea  Oat  tbe  eocfcieat  of  rahk  ezparivi'^n  U 
three  time*  ifcat  of  finear  egpawwoa,  to  (hat  the  wAnt  ^ximtiwa 
tf  ft  boBecMMaa  asM  oaa  alwqn  bt  caaBf  c  -    -     -  - 
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linear  expansion.  In  many  coses,  however,  the  coefficient  of 
cubic  expansion  can  be  measured  with  more  accuracy  iban  the 
other,  and  it  is  then  best  to  reverse  tlie  calculation.  The  coeffi- 
cient of  cubic  espansion  of  several  solids  can  be  determined  witb 
great  accuracy,  by  means  of  a  process  based  ou  the  apparent 
expansion  of  mercury,  which  will  be  described  in  (254).  Itcim 
also  be  determined  in  the  following  manner  from  the  epecilic 
gravity  of  the  solid  taken  at  different  temperatures :  — 

Lei  {Sp.  Gr.)  and  (Sp.  Gr.y  represent  the  specific  gravily  of  the  wlicl 
at  the  lemperulures  t  STid  C  respeclively.  Al;o  let  W  represent  ihe 
weight  of  the  solid  moss  used  in  the  experimcnl,  V  the  volume  nl  0°, 
and  K  the  unknown  coefficient  wbich  we  wish  to  determine.  We  have 
then,  by  [166],  for  the  volume  of  the  solid  body  at  f  and  f,  the  value* 
F(l  -\-tK)iinA  V{l-\'t'  K)  ;  by  aubstituting  these  values  in  [55]  we 
obtain,  for  the  value  of  the  specific  gravity  at  the  two  temperatures, 


(Sf.GV.)  = 


Yll  +  tKY 


and     iSp.Gr.y-. 


W 

'vii+rKY 


Combining  these  two  equations,  and  reducing,  we  get  for  the  value  of  liie 
coeflScient  of  cubic  expansion, 


K-- 


{Sp.Gr.)  -  (Sp.Gr.)' 


(Sp.  Gr.y  e  —  {^.  Gr.)  t " 


[168.] 


k 


Kopp  has  determined,  by  the  above  method,  the  coefficient 
of  cubic  expansion  of  a  number  of  solids,  and  his  results  are 
included  in  Table  XV. 

(2-14.)  General  Results.  —  By  examining  Table  XV".  it  will 
bo  seen  tliat  the  increase  of  length  which  a  solid  bar  undergoes 
when  heated  from  0°  to  100°  is  at  most  very  small,  amounting  in 
the  case  of  zinc,  the  most  expansible  of  all  solids  hitherto  ob- 
served, to  only  -zin  of  the  length  at  zero.  The  diBFerence,  how- 
ever, between  different  solids  is  very  great,  zinc  expanding  over 
three  times  as  much  as  glass  for  the  same  increase  of  temper- 
ature. 

The  relative  expansibility  of  solids  seems  to  be  more  nearly 
related  to  their  relative  compressibility  than  to  any  other  physical 
quality ;  for  wo  find,  as  a  general  rule,  that  those  metals  are 
the  most  expansible  which  have  the  smallest  coefiicieuts  of  elas- 
ticity (101)  and  are  therefore  most  easily  compressed.  This 
fact   is    shown    by   the  two    following    senca,   in   wbich    the 
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lis  are  arranged  in  the  oriler  of  cspausibility  and  compres- 


&nc.  Lcml,  Tin,  Silver,  Gold,  Palladium,  Copper,  Plutin 


1,  Steel,  Iron, 


1,  Till,  Colli,  Silver,  Zinc,  Palliidiu 


,  Platinum,  Copijer,  Slocl,  Iron, 


^Blough  (licsc  two  scries  arc  not  perfecllj  paralk'l,  tlicy  are 
ptuKciently  so  to  indicate  a  close  connection  between  the  two 
properties.  This  connection  is  also  seen  in  tiic  faet,  that  the 
dimiiiutioa  of  the  coefficient  of  elasticity  with  the  increase  of 
temperature,  already  noticed  (101),  is  accompanied  with  a  cor- 
responding increase  of  the  rate  of  expansion. 

Tlio  increase  of  the  cocfSeient  of  cspansion  between  0°  and 
100'  is  hardly  perceptible  in  solids ;  but  wlien  the  cliango  of 
temperature  amounts  to  several  hundred  degrees,  it  is  necessary 
to  take  account  of  it  in  delicate  physical  measurements.  This 
is  especially  the  case  with  tlie  glass  vessels  which  are  used  for 
air  thermometers  or  in  determining  the  specific  gravity  of  var 
pors ;  and  in  order  to  furnish  the  necessary  data  for  such  experi- 
ments, Regnault  has  determined  the  mean  coefficients  of  cubic 
expansion  of  the  common  Paris  glass,  when  blown  into  hollow 
Wc,  lictwecn  zero  and  diHerent  temperatures.  His  results  are 
allows :  — 


Kfoll 


Bttweeu 


md  100' 


350 


A';=  0.0000  276. 
•■  0.0000  284. 
,  «  0.0000  291. 
«  0.0000  298. 
«  0.0000  306. 
»     0.0000  313. 


From  the  fact  that  the  rate  of  expansion  of  a  solid  increases 
with  the  temperature,  we  should  naturally  uifer  that  tlie  rate  for 
■Dy  given  solid  would  be  greatest  just  below  its  melting-point; 
and  of  several  solids  takeu  at  the  temperature  of  tlie  air,  we 
■honld  expect,  other  things  being  equal,  that  those  would  be  the 
most  expansible  which  are  nearest  their  melting-points  at  tliis 
temperature,  or,  in  other  words,  which  are  the  most  fusible. 
Ttiis  we  fmd,  as  a  general  nilo,  to  be  true ;  the  easily  fusible 
BolidK^  like  zinc  and  lead,  being  more  expansible  than  the 
42* 
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difficultly  fusible,  like  iron  and  platinum:  but  fhere  is  bjno 
means  a  perfect  parallelism  between  the  order  of  fusibilitj  and 
that  of  expansibility ;  nor  ought  we  to  expect  it,  for  different 
metals  are  not  equally  expansible  at  temperatures  equally  dis- 
tant from  their  melting-points. 

(245.)  Expansion  of  Crystals.  —  We  have  hitherto  assumed 
that  solid  bodies  expand  equally  in  all  directions,  and  this  is 
true  of  all  homogeneous  solids ;  but  it  is  not  necessarily  the  case 
with  crystals.     Ouly  those  crystals  which  belong  to  the  Regular 
System  expand  equally  in  all  directions.     Those  belonging  to 
the  other  systems  expand  unequally  in  the  direction  of  the  un- 
equal axes.     This  inequality  in  the  expansion  of  crystals  in  the 
directions  of  unequal  axes  can  be  readily  detected,  because  an 
alteration  in  the  relative  length  of  the  axes  must  change  the  iute^ 
facial  angles  of  the  crystal,  which  can  be  measured  with  great 
accuracy  (96).    Professor  Mitscherlich,*  of  Berlin,  who  has  very 
carefully  studied  this  subject,  found  that  the  interfacial  angles  of 
all  crystals,  except  those  belonging  to  the  regular  system,  were 
slightly  affected  by  changes  of  temperature.     The  rhombohedral 
angle  of  calc-spar,  for  example,  (page  150,)  varies  eight  and  a 
half  minutes  between  the  freezing  and  boiling  points  of  water. 
Indeed,  Mitscherlich  has  shown  that,  while  a  crystal  is  expanding 
in  length  by  heat,  it  may  actually  be  contracting  in  another  di* 
mcnsion.     These  facts  are  in  entire  harmony  with  the  principles 
of  the  last  section  ;  for,  since  the  elasticity  of  crystals  is  different 
in  different  directions  (108),  we  should  naturally  expect  that  the 
rate  of  expansion  would  be  different  also. 

In  investigating  the  laws  of  expansion  of  solids,  it  is  evidently 
advisable  to  make  choice  of  crystallized  bodies ;  for  when  the 
substance  is  not  crystallized,  the  expansion  of  different  specimens 
may  not  be  precisely  the  same,  owing  to  variations  of  internal 
structure.  This  is  probably  the  cause  of  tlie  discrepancies  which 
we  find  between  the  coefficients  of  expansion  of  the  same  sub- 
stance as  given  by  different  experimenters.  These  discrepancies, 
indeed,  are  the  most  marked  in  the  case  of  substances  like  glass, 
in  which  we  should  naturally  expect  the  greatest  variations  of 
structure. 

The  expansion  of  glass  has  been  more  carefully  studied  than 

•  Foggendorff's  Annalen,  L  125,  X.  137,  XLL  81S. 
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^■k  of  any  other  rabstancc,  on  account  of  its  ase  in  phyrical 
|feaniliis.  Rdgii&uU  lias  found,  not  only  that  the  cspannon  of 
pass  varies  vith  its  composition,  but  also  that  it  varies  with  Uie 
maimer  in  which  it  has  been  worked.  Tims,  the  »mno  glass  ex- 
pands more  in  the  fomi  uf  a  solid  rod  than  in  tliat  of  a  lube,  and 
Q  Tcasel  frequently  expands  at  a  different  rate  from  a  xniatl 
wl  mode  of  precisely  tl>c  same  material.  Indood,  Bc^nKiilt 
I  shown  that  the  c<K*f1icleiit  uf  the  Kame  glui<s  vo'm-I  is  nut 
ajs  absolutely  ttio  same  between  the  same  limita  of  If^mper- 
a,  especially  if  l>ctwecn  two  obscr^ationB  it  luu  been  esposed 
Teat  and  sudden  Ihermal  changes.  TlieM  vaj-ialionH  aro 
alily  due  to  clianges  in  the  molecular  condition  of  IJie  glan, 
il  are  simitar  to  those  which  cause  the  change  in  the  tero  point 
.tlic  tbcnnomelcr  (^'2'20). 

t  follows  from  iho  alwre  facts,  that,  where  Tcry  great  accuracy 
lequircd,  it  is  imiwrtant  to  determine  tlte  rale  of  cxpuuioa  of 
I  actual  veascl  which  is  to  he  used  iu  tlie  ex|ieriinenL 
^46.)  Foret  of  Expansion.  —  The  force  with  vliidi  a  body 
■nds  b  eqiuti  to  the  resictance  whicb  it  would  oppose  to  a 
mmKBOsx  of  an  equal  amount ;  we  liaTc  already  seen  <\f)\) 
r  Tcry  great  this  nsbtance  is.  A  bar  of  iron  o»e  n»ctre  long 
I  0.0012  m.  if  boued  100^.  If  now  we  amme  tltat  tbe 
\  of  the  KctioD  of  tbe  bar  ia  equal  to  3^000  ^m.',  and  that 
i«oeffieient  of  ehsttdty  of  iroo  U  equal  tn  roaad  oumhen  to 
~  I,  w«  can  rcadOj  ealeolale  by  [6Q]  the  weJtffct  wbieb  wootd 
»  tbe  fau-  0.0013.  Tbia  vdgtrt  would  be 
DX  0.0012  =  «S.OOOkilogiMnDe»,uid  it  i  ^~ 
r  to  apply  ibii  maormoa»  torn  is  order  to  | 
I  Mwiriiig  5e.m.  on  eaeb  nde  frooi  i 

t  V  to  100*.    It  ic  Mt,  IkcnAm,  at  'aU  w^ 
I  fai  Iwgftip  ImfmaAf  Jwitrgy  iIm 


»  ■Bov  far  tte  cxyMi^M. 

w»<wia  wtMw  «o«M  to  •^ud  w 

^ m  iMtM.    fUm  iutm  mm  inl 

•  «f  as  m4«4  gMwf  vUitik  tmt  (miI«»4 

mmtm  af  Aw  tvji.  ^t/i  il>» 
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secured  to  the  outside  of  the  walls  by  means  of  plates  and  nuts. 
Half  of  the  number  of  rods  were  then  strongly  heated  by  duff- 
coal  furnaces,  and  when  they  were  expanded  the  plates  were 
screwed  firmly  up  to  the  walls.  As  the  bars  cooled,  they  ooih 
tracted  and  drew  the  walls  somewhat  nearer  together.  The  same 
process  was  then  repeated  with  the  other  half  of  the  rods,  and 
so  continued  until  the  walls  were  restored  to  a  perpendicular 
position. 

Applications  of  this  same  force  may  be  seen  in  many  of  tbe 
trades.  The  wheelwright  binds  the  parts  of  a  wheel  together  bj 
putting  on  the  iron  tire  while  hot,  and  allowing  it  i6  contract 
round  the  wood ;  and  even  the  large  wrought-iron  tires  round 
the  wheels  of  locomotive  engines  are  fastened  in  the  same  waj. 
The  cooper  insures  the  tightness  of  a  cask  by  surrounding  it 
with  heated  iron  hoops,  which,  by  contracting,  unite  the  staves 
more  firmly ;  and  steam-boilers  are  riveted  with  red-hot  rivets, 
which,  on  cooling,  draw  the  plates  together  more  securely  than 
any  other  means  could. 

(247.)  Illustrations.  —  The  expansion  of  solids  by  heat  may 
be  illustrated  by  a  great  variety  of  experiments,  but  we  sliall 

only  be  able  to  describe  a  few  of  the 
most  striking. 

The  cubic  expansion  may  be  shown 
by  means  of  the  apparatus  represent- 
ed in  Fig.  369.  The  brass  ball  a  is 
made  so  that  it  will  just  pass  through 
the  ring  m,  when  both  have  the  same 
temperature.  If  then  we  heat  the 
ball,  it  will  no  longer  pass  through  in 
Fig  880.  Any  position,  thus  indicating  an  in- 

crease of  volume. 
In  order  to  illustrate  the  linear  expansion  of  solids,  we  make 
use  of  a  class  of  instnmients  called  pyrometers.  One  of  the 
simplest  and  most  convenient  of  these  is  represented  in  Fig.  370. 
It  consists  essentially  of  the  metallic  rod  A^  one  end  of  which  is 
firmly  secured  to  a  brass  pillar  by  means  of  the  clamp-screw  JB, 
while  the  other  end,  which  is  free  to  expand,  plays  against  the 
shorter  arm  of  a  needle,  iC,  moving  on  a  graduated  arc.  The 
rod  is  heated  by  an  alcohol  lamp  of  peculiar  construction,  and 
its  expansion  is  rendered  visible  by  tlie  motion  of  the  needle  over 
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J  graduated  arc.  Instnunenta  constructed  on  tlio  same  pria- 
ple  liare  been  omplojed  by  Daniels  and  others  for  mctiKiiring 
^h  temperatures  ;  but  since  they  have  been  mpei-sedud  by  tbu 


It  more  Accnrnto  metbods  of  the  present  day,  it  is  not  netMusarj 
^describo  Ibcoi  in  detail. 
Tlie  uncqiinl  expansion  of  different  motals  )«  best  illuotratcd 
f  s  comjwmid  bar,  made  by  riveting  together  two  bars  of  iruu 
copper   at   different  pointa 
rougli   their  whole  longlli,  as  Ht.  sn. 

senred  in  Fig.  371.     When 
I  a  bar  is  healed,  the  copper 
'^expands    more    tlian   the   iron, 
aod   tlic   bar  curves,   as   ropre-  rifm 

Mulod  in  Fig.  S72,  in  order  to 

ntomodate  the  inequality  of  length  whicli  tlitu  remits.  If  tbo 
r  is  cooled,  it  again  enrreit,  but  in  the  opjxwite  directif^n. 
lie  ffipansiou  of  solids  is  alKt  illui'tmlcd  by  many  pli^ 
Aft  of  evcry-day  lit'.  A  nail  drivtii  into  a  Iirick  wiill  Ijo- 
I  looeo  al^er  a  time,  bocaiiKc  llie  Ipjo  ex{iandj  In  xniiinicr 
1  eoatncts  in  wiuirr  more  than  the  mortar,  aiid  lliui  ibe 
miog  is  enlarged.  Cloclcs  go  faster  In  wiutvr  and  Rluwer 
ia  maimer,  becatue  the  pendulum  clongalea  in  lumnier,  and 
eonaequcutly  vibrates  more  slowly;  while  ui  winit-r  il  bvcoauw 
shorlcr.  and  vibratca  more  rapidly.  The  pilch  of  a  (liano  or  liarp 
rises  in  a  euld  room,  io  cooHqoenev  of  tJie  euitractioii  ot  iIm) 
metallic  string.  A  cbMely-fiUing  inm  g»tf,  which  can  l*e  tnuttj 
opened  on  a  cold  day,  can  only  >«c  opened  wiib  diSiculry  on  a 
warm  dayi  bccauM  both  Uie  gale  and  Uie  adjojning  railings  have 
iweoioe  expanded  by  the  beat.     Vibua  iron  {ii|Ma  ant  emtJoyvd. 


602  CHEMICAL  PHTSICS. 

to  condact  Bteam  through  a  factorf,  they  are  norer  dlotred  to 
abut  against  a  wall  or  other  obstacle,  which  they  might  injure  in 
expanding ;  and,  for  the  same  reasons,  the  rails  of  a  railroad  m 
always  laid  at  a  little  distance  apart.  A  kilometre  of  nib 
expands  seven  metres  between  — 20^  and  40^,  and  this  allow- 
ance must  be  made  in  the  construction  of  the  road.  When  a 
metal  is  soft,  and  its  expansion  or  contraction  at  all  resisted,  it 
may  become  permanently  expanded  when  repeatedly  heated,  i 
waste  steam-pipe  of  lead  has  been  elongated  several  indies  in  a 
few  weeks,  and  the  tino  or  lead  linings  of  baih  tubs  are  fre- 
quently gathered  in  ridges  from  the  same  cause. 

The  walls  of  buildings  are  also  sensibly  expanded  by  the  action 
of  the  sun's  rays.  Bunker  Hill  Monument,  an  obelisk  of  granite 
two  hundred  and  twenty-one  feet  high,  moves  at  the  top  so  as  to 
describe  an  irregular  ellipse  with  the  sun's  motion.  Professor 
Horsford,  who  had  an  opportunity  of  studying  the  action  of  the 
sun's  rays  on  this  structure,  noticed  that  the  movement  com- 
menced early  in  the  morning  on  a  simny  day,  and  attained  its 
maximum  in  the  afternoon.  In  a  cloudy  day  no  motion  takes 
place,  and  a  shower  restores  the  shaft  to  its  position,  —  showing 
that  the  heat  which  produces  the  deflection  penetrates  but  a  short 
distance.*  A  similar  fact  is  also  noticed  when  astronomical  in- 
struments are  placed  on  elevated  buildings,  from  the  derangement 
which  they  undergo  by  the  unequal  expansion  of  the  walls. 

When  hot  water  is  poured  on  a  thick  plate  of  glass,  the  upper 
surface  is  expanded  before  the  heat  reaches  the  under  surface  of 
the  plate.  Tliere  is,  therefore,  an  unequal  expansion,  and  the 
plate  tends  to  bend,  like  the  compound  bar,  with  the  hot  surface 
on  the  outside  of  the  curve  ;  and  since  the  particles  of  glass  do 
not  readily  yield  to  such  displacement,  the  glass  breaks.  Hence 
is  explained  the  fact,  that  hot  vessels  of  glass  or  porcelain  are 
liable  to  break  when  cold  water  is  poured  into  them,  or  when  set 
down  on  a  cold  surface  which  is  at  the  same  time  a  good  con- 
ductor of  heat.  Such  accidents  are  avoided  by  resting  the  vessel 
on  rings  of  straw,  or  other  poor  conductors,  and  having  them 
made  as  thin  on  the  bottom  as  is  consistent  with  the  neccssarj 
strength. 

This  effect  of  heat  on  glass  is  used  in  the  laboratory  for  dividing 

•  SiUiman's  PhUosophy,  p.  329. 
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^tuM  VOBsoIs  vhich  Imre  beou  crackod  or  oUiorwiso  damaged, 
>iDC«  n  crack  once  started  niny  1)0  coudnctod  in  un}*  dinictiuii 
ly  meaus  of  an  iron  rod  heated  to  redness,  or,  still  Iwttcr,  liy 
Dteaus  of  a  burning  Blow-mateti  fircparcd  cxproM^Iy  fur  tlin  jiur- 
poso.*  In  like  tnanucr  tlio  round  necks  of  glass  retorU,  fla-xkii, 
uid  otlior  cliemicol  Tesscls,  can  bo  cut  off  by  moans  of  aii  iron 
riii^,  vhicti  is  first  heated  to  a  rod  lieat  in  a  fiirnaeo,  and  then 
Jwld  Tor  A  few  moments  around  tlie  nock.     As  Eoon  as  tho  nock 

tns  heated,  a  few  drops  of  wutor  lot  full  upon  Uio  heuti'd  part 
csuso  the  neck  to  crock  off. 
at  by  far  the  most  remarkable  illustration  of  tlie  cxpnnflion 
of  solids  by  heat  is  furnished  by  the  Britannia  Tiilniliir  Dridgc. 
Tliis  hridgo  consists  of  two  rcctangiilur  iron  tubes  (maiio  of  boiler 
plates  firndy  rivet«d  together)  1,510  feet  1  \  inches  long  nt  82*  V., 
and  varying  from  23  feet  in  height  at  either  end  to  SO  feet  at  tho 
centre.  These  tubes,  which  are  placed  parallel  to  uadi  othor, 
arc  secured  permanently  to  the  centnd  stone  pier  of  tbo  bridge, 
called  the  Britannia  Tower  ;  but  nt  the  other  poinUi  of  mpport 
they  FfTSt  on  friction  rollers,  and  tlie  free  cndii  move  baekwardi 
or  forwards  as  the  length  of  each  tube  changes  with  the  tem- 
perature. An  increase  of  lemperalure  of  20*,  viz.  from  32°  to 
68°  F.,  gires  an  increase  of  3|  inchen  in  tlie  whole  lengtli  of  the 
bridge,  and  tlie  daily  expansion  and  contraction  varies  from  lialf 
an  inch  to  three  inches,  osually  aUaioiog  i\M  maximuin  and 
minimum  about  tliree  o'clock  in  Itie  afternoon  and  morning. 
Siiice  ibe  tubes  an  immovably  secured  in  ttio  centre,  otily  out 
half  of  this  mutioo  is  visible  at  citltcr  cod.  "  Bni  tiM  mort  hi* 
teresting  elTect  is  that  produced  iiy  Utc  tun  shiniitg  on  on*  nils 
of  the  tube  or  on  tlw  lop,  while  ll»e  offpoidte  fide  and  Um  hattam 
remaiu  sliaded  and  companttrely  cool.  TIm  beabisd  portioiM  «f 
the  tubo  eipand,  and  tbcrebf  warp  or  bend  tbe  tube  toward  tlw 
beatrd  side,  tb«  motiaa  bang  ■omWiipe*  m  tnucli  aa  twn  iimI  ft 
half  indite  vertically  aod  tvouida  half  ladtea  hi(erall/."t  Tlw 
nme  pbenotBcoa  amj  hm  weea  st  Ibe  Vietona  Tulmlu'  Bridgn, 
illf  Imilt  at  Uoatral ;  bat  m  ibe  tube*  «f  Uni  l«ridg«  ar* 


504 


CHEMICAL   PUi'SICS. 


Fig.s;a 


much  shorter  than  those  of  Uie  Britaniita  bridge,  tlic  Fitvut  uF 
tho  motion  is  not  so  great. 

(248.)  Applications  of  the  Expamion  of  Solids.  —  Brfguel's 
metallic  thermometer  (Pig-  373)  is  an  application  of  tho  priiicipli; 
of  tlie  compound  bar.  The  cssm- 
tial  part  of  the  instrument  it  a 
Bpiral,  formed  of  a  metallic  ribboo 
which  is  constructed  in  tho  fol- 
lowing way.  Throe  small  bars, 
one  each  of  platinum,  guld,  uid 
silver,  are,  in  the  first  pincc,  v^ 
dcrcd  together  througlionl  tlusr 
whole  lengtli.  This  compound 
har  is  next  rolled  out  in  a  rolling 
mill  until  it  is  reduced  to  a  rit^ 
bon  not  more  than  ono  sixtiodll 
of  a  millimotre  in  thiclcness,  and 
from  one  to  two  miUinictrOf  brosi 
The  ribbon  tlius  projiared  is  wound 
into  a  spiral,  having  the  silver  face  towards  the  iiit*!rJor,  and  lids 
spiral  is  suspended  to  the  upright  arm  of  tlio  instrument-  To 
its  lower  end  tliere  is  fastened  a  needle,  which  traverses  an  WC 
graduated  into  Centigrade  degrees,  and  the  whole  instriu 
covered  witli  a  glass  bell  for  protection. 

Although  tho  ribbon  is  rolled  out  to  tho  extreme  dep 
thinness  just  stated,  yet  the  conthiuily  of  the  tlirco  mutalrf 
mains  unbrolccn  ;  so  ttiat  the  spiral  may  be  regarded  as  voimst- 
ing  of  three  spirals  of  different  metals  united  througlioiit  tlieir 
whole  length.  Tlie  silver  spiral,  which  is  tlie  most  dilatable,  is 
surrounded,  first,  by  a  gold  spiral,  which  exjiaudis  less  tiian  lie 
silver,  and  lastly  by  a  platinum  spiral,  which  expands  tho  least 
of  all.  As  tlie  temperaturo  rises,  the  silver  expanding  more  Ihnn 
the  platinum  or  tho  gold,  each  coil  of  the  spiral  tends  tu  imbcnil, 
and  the  effect  is  evidently  partially  ttj  uncoil  the  whole,  caunng 
the  needle  to  move  over  the  graduated  arc  from  left,  to  right  in 
the  above  figure.  Tlie  opposite  effect  ensues  when  tho  tempera- 
ture falls.  The  gold  band  is  placed  between  the  two  others, 
because  it  has  an  intermediate  rate  of  expansion.  Were  plati- 
num and  silver  used  alone,  the  great  inequality  of  their  ntea 
of  expansion  might  cause  the  bands  to    eeparato.     On  i 
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of  the  small  mass  of  metal  of  wbich  the  spiral  conBists,  Br^guet's 
thermometer  is  exceedingly  sensitive  to  veiy  sliglit  cimnges  of 
temperature,  and  may  be  used  la  some  cases  with  gi-eat  ad- 
Tautage. 

Some  of  the  most  ingenious  applications  of  the  expansion  of 
metals  are  to  be  found  among  tlie  numerous  coutiivauces  for 
retaining  tlie  pendulums  of  clocks  of 
an  invariable  length  at  all  tempera- 
tures. One  of  these,  called  HarriKon's 
gridiron  pendulum,  is  represented  in 
Fig.  374,  The  large  disk  of  this  pen- 
dulum is  suspended  by  a  series  of  steel 
and  brass  rods,  alternating  with  each 
other,  and  connected  at  the  ends  by 
cross-pieces.  The  manner  in  vlnch 
tiiese  are  arranged  will  bo  best  under- 
stood by  studying  the  figure,  in  which 
the  steel  rods  are  distinguished  from 
the  brass  by  being  shaded.  The  length 
of  the  pendulum  is  evidently  equal  to 
the  sum  of  the  lengths  of  tho  steel  rods, 
including  tho  steel  ribbon,  b,  wbich  sup- 
ports the  whole  pendulum  and  bends  at 
each  oscillatiou,  less  the  sum  of  tho 
lengths  of  the  brass  rods.  Moreover, 
it  will  also  bo  seen,  by  examining  the 
figure,  that,  while  the  expansion  of  the 
steel  rods  lengthens  tho  pendulum,  the 
expansion  of  the  brass  rods  shortens  it. 
If,  then,  the  lengths  of  the  rods  are  so  <,.  ..tl 

adjusted  that  the  expansion  in  one  di- 
rection will  just  balance  that  in  the  other,  the  pcnduhmi  will 
remain  of  an  invariable  length.      It  is  easy  to  determine,  ap- 
proximativeiy,   the   length   required   to    produce   this   compcn- 
satiou. 


I 


Kepresenliog  by  L  and  L'  tho  si 

brass  rods  respecUvely,  and  by  i  ii 
should  have,  since  ihe  amount  of  e: 


01  of  the  lengths  of  the  steel  and  tlio 
id  if  tLelr  coefRcieDts  of  expanfioo,  we 
pansion  is  the  same  ia  both, 
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Moreover,  since  at  the  latitude  of  Paris  the  length  of  the  Meoiids  pod^ 
lum  is  0.99394  metre  (58),  we  must  also  hare 

X  —  X'  =  0.99394. 

Combining  these  two  equations,  and  substituting  for  k  and  t  their  Takes 
from  Table  XV.,  we  should  find  that  the  pendulum  would  remain  of  an 
invariable  length  when  the  sum  of  the  lengths  of  the  steel  rods,  or 
X,  =  2.31919  metres,  and  when  the  sum  of  the  lengths  of  the  brass  rods, 
or  L',  =  1.32525  metres.  It  is  evident,  therefore,  tliat  compensadon 
could  not  be  effected  with  fewer  rods  than  are  represented  in  the  figure, 
namely,  three  of  steel  and  two  of  brass. 

The  above  calculation,  however,  only  gives  approximate  n- 
suits,  since  the  virtual  length  of  the  pendulum  depends  on  the 
position  of  the  centre  of  oscillation,  and  may  vary,  even  when  the 
apparent  length  remains  the  same  (54).  In  practice,  the  rods 
are  constructed  as  nearly  as  possible  of  the  required  length,  and 
the  compensation  is  afterwards  completed  by  varying  the  position 
of  the  weight  o,  until,  after  successive  trials,  the  right  point  is 
attained. 

A  clockmaker  by  the  name  of  Martin  effected  the  compensa^ 
tion  in  pendulums  by  means  of  a  compound  bar  of  iron  and 
copper,  fixed  transversely  on  the  pendulum  rod,  as  represented 
in  Fig.  875.  To  the  ends  of  this  compound  bar  small  weights 
arc  attached,  movable  on  a  screw,  and  the  bar  is  so  placed  that 
the  copper  is  lowest.    Hence,  when  the  temperature  rises,  its  ends 


Fig.  376. 


Fig.  876. 


Fig.  877. 


curve  upwards,  as  represented  in  Fig.  376  ;  and,  on  the  other 
hand,  they  curve  downwards,  as  in  Fig.  377,  when  the  tempera- 
ture falls.  The  rising  and  falling  of  these  masses  of  matter  will 
evidently  change  the  virtual  length  of  the  pendulum,  by  raising  or 
lowering  the  centre  of  oscillation.  Moreover,  this  change  will  be 
just  the  reverse  of  that  caused  by  the  action  of  heat  on  the  pen- 
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Fig  O. 


>  itself:  &nd,  by  varying  tlie  position  of  the  small  veigtita 
I  the  traiiHfcrse  bur,  tlio  two  changes  may  be  made  exactly  to 
mntcroct  each  other. 
f  An  nrrangcnient  precisely  similar  to  that  of  Martin  )ms  long 
!Cn  employed  for  compeneating  the  balaiice-wlicols  of  chi-uuouir 

,11(1  watches.     It  is  well  known  that  llie 
Ktion  of  a  watch  is  regulated  by  a  balance- 
iiecl,  as  that  of  a  clock  is  by  the  peudnliim, 
1  that  tlio  oscillations  of  this  balance-wheel 
I  maintained  by  a  line  spiral  spring,  whose 
Isaticity  takes  the  place  of  the  force  of  grav- 
ity acting  on  the  pcadiihtm  of  the  clock.    Now, 
tliu  duration  of  an  oscillation  of  a  balance- 
jprltecl  depends  on  the  elasticity  of  the  spring, 
I  the  radius  of  tho  wheel,  and  on  the  mass  of  matter  in  its  rim. 
Hio  eflcct  of  heat  is  to  increase  the  radins,  and  thus  to  retard 
t  watch  by  increasing  tho  duration  of  each  oscillation.     This 
)ct,  however,  can  be  entirely  counteracted  by  the  arrangement 
resented  in  Fig.  378.    The  three  metallic  arcs,  a,  (i,(i,  are  each 
tde  of  two  metals,  tho  most  cx[iansiblo  being  placed  outside ; 
I  as  the  temperature  rises,  they  ciine  in  and  carry  the  three 
lall  masses  of  matter,  n,  »,  n,  nearer  to  the  axis  of  tho  wheel, 
B  diminishing  the  virtual  leugtli  of  the  radius  as  much  as  tlio 
jiBiou  increa^d  it.     The  position  of  the  small  masses  n,  n,  n, 
^  whicli  the  effect  of  expansion  is  just  compensated,  is  found  by 
' ;  and  lliey  are  adjusted  by  turning  them  on  the  (imall  screws 
bicli  form  tlie  extremities  of  tho  arcs. 

Expansion  of  Liquids. 

\  (249.)  Absolufi^  and  Apparent  Erpansion.  —  In  considering 
'  B  expansion  of  a  liquid,  it  is  important  to  distinguish  between 
!  absolute  expansion  and  the  apparent  expansion  when  the 
liiiuid  IS  enclosed  in  a  glass  vessel.  From  tho  very  nature  of  a 
liquid,  it  is  evident  that  its  absolute  expansion  cannot  be  directly 
ser*"cd,  but  must  bo  determined  by  indirect  metJiods.     It  is 

0  evident,  that  tlie  absolute  expansion  must  bo  equal,  in  any 
',  to  tho  apparent  expansion,  increased  by  the  amount  of  c.\- 

I  of  the  glass  vessel  containing  the  liquid;  compare  CSIP) 

1  (241);  and   hence,  when  any  two  of  those  luantitiud   uio 
nwu,  the  third  can  always  bo  calculaied. 
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(250.)  Absolute  J^xpatision  of  Mercury.  —  The  coefficient  ot 
absolute  expansion  of  mercury  is  one  of  tlie  uiosl  importanl 
constants  of  pliysics;  for  iiut  only  does  it  euter  indirectly  iiUo  iho 
dotci'minutioii  of  the  expansion  of  most  other  substances, — sulifc, 
liquids,  and  gasos  (254), — but  it  also  has  a  direct  bearing  m 
tlic  thcoiy  and  use  of  botli  tlic  tliormnmctcr  aud  baroniobir 
(219)  and  (160).  It  is  therefore  essential  tliat  Uiia  Comrtial 
should  bo  determined  with  the  greatest  care. 

Tlic  most  accurate  racthixl  of  detonnining  tlie  coefficien 
absolute  expansion  of  mercury  \s  based  ujjod  the  pnnci;J 
bydrostaticH  (1131),  that,  when  two  tubes  tilled  with  diffi 
liquids  commuiiicato  together,  the  lieiglits  of  the  two  liquidJ 
uuins  if  in  equilibrium  are  inversely  proportional  tti  tlio  s 
gi-avities  of  tlio  liquids.  What  is  true  of  diflbrcut  liquids  d 
also  be  true  of  the  same  liquid  at  dilTerent  tempeiutures  ;■ 
we  can  therefore  determine  the  relative  specific  gravity  of  t 
cury  at  sucli  temperatures  by  measuring  the  heiglits  of  thol 
cury-columiis  in  the  legs  of  an  inverted  sipiion,  s 
that  each  column  may  be  exposed  to  the  temperature  requi 
When  tlie  specific  gravity  at  two  different  temperatures  liu:*  i 
thus  determined,  wo  can  easily  calculate  the  coefficient  of  en 
sion  by  [1(38], 

Tlie  apparatus  used  by  Hulong  and  Petit,  wlio  detcrminM 
absolute  expansiun  of  mcrcmy  by  the  hydrostatic  motlio^ 


represented  in  Fig.  370.    It  consisted  of  two  gla.«a  tub 
B,  supported  vertically  on  an  iron  basement,  and  united  ( 
by  a  capillary  tube,  so  as  to  form  togctlier  an  iuvcrtud  sipl 
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The  two  tabes  were  each  enclosed  in  a  metallic  vossel.  The 
smallest  of  these,  Dj  was  filled  with  pulverised  ice,  and  Uio  oihori 
Ey  contained  oil,  which  was  gradually  heated  by  a  small  l\ir- 
nace,  which  the  figure  represents  in  section,  in  order  to  show  tlio 
construction.  Lastly,  the  tubes  were  filled  with  mercury,  which 
preserved  the  same  level  in  both  as  long  as  tlio  tubes  were  ex- 
posed to  the  same  temperature,  but  which  rose  in  the  tube  Ji  in 
proportion  as  it  was  heated.  In  making  an  observation  witli  this 
apparatus,  the  bath  was  first  heated  to  the  required  tom|)erature, 
which  was  indicated  by  the  thermoooetor  P,  and  then  tlio  heights 
of  the  two  columns  were  measured  by  the  cathetomotor  K, 

In  order  to  calculate  from  such  an  observation  the  coolTicIent 
of  absolute  expansion,  let  us  represent  by  H  and  {f^.Or.^  the 
height  and  specific  gravity  of  the  mercury-column  il  at  0*,  and 
bj  H'  and  (^Sp.Gr.y  the  height  and  specific  gravity  of  Uio  mer- 
eory-colunm  B  at  f.  Then  we  have,  by  [81],  II .  (^Sp,  Or.)  mm 
H'  (^Sp.  Gr.y.  Moreover,  representing  tlie  coefficient  of  al>»oluto 
expansion  of  mercury  by  JT,  we  have,  by  [166]  and  [/^d], 

(^Sp. Gr.)  =  CSp. Gr.y  (1  +  K ().  [189.] 

Combining  the  two  equations,  we  obtain,  for  the  value  of  JT, 

By  this  method,  Dulong  and  Petit  frmnd  that  ihfi  mittnn  uimh 
lute  expansion  of  mercury  between  <f  and  1(K/*  wan  x^^tf  mm 
0.00018018.  Regnault  has  since  redetermined  this  c/^effi/ri^rfit 
with  an  apparatus  based  on  the  same  prindple,  t/tit  v#rry  i(r*^i\y 
improved,  and  has  oUainedt  far  t}ie  ineafi  valfie  tj^we^i  0^  and 
100*,  0.000 181.>3,  a  num^jer  wbkh  diffcr*  Uit  liuk  trwi  tliat  //f 
Dolong  and  Petit.  The  apfiaraiiis  //  H^$kn\i^  uMtfmf^  v^ 
simple  in  principle,  is  quile  eoinpli^skt^  in  ^/fMUw^m^  n$tA  il 
would  require  mr>re  spd#*3e  U/  de^ienl^^  it  ik$k$%  w^  ar^  af/l^.  t// 
give ;  but  the  smdent  wHI  fuA  h  i0sf^^:r^M  in  full  tu  H^»MjnWn 
wenMHT  on  ibe  mhj^tx,^ 

As  has  already  Lisftn  i(tkuA  ^W4)^  ti^.  ^/^i^fi^A  '/  *r%yitf0t^m 
of  mcrcuTT  increase  w:a^  ^^^^  Utrnf^tf^f^,.    Ti/^  m  ^^t^/wt*  >fj 

aanlt. 


u* 
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TmeTeiaptm- 

toreby 
ilr-TlMraion«ttrt 

Mom  CoeAdeDt  of 

XxpantloD  of  MMreory 

from  V*  (or*. 

of  Sxponrioa 
frMiil*to(<-t-ir- 

0** 

0 

0.00017905 

liKMKXKK) 

so 

0.00017976 

0.00018051 

1.0053988 

50 

0.00018027 

0.00018152 

100901» 

70 

0.00018078 

0.00018258 

1^126546 

100 

0.00018153 

0.00018805 

1.0181580 

150 

0.00018279 

0.00018657 

1.0274185 

200 

0.00018405 

0.00018909 

1.0368100 

250 

0.00018531 

0.00019161 

1.0468275 

800 

0.00018658 

0.00019413 

1.0559740 

850 

0.00018784 

0.00019666 

1.0657440 

In  the  last  column  of  this  table  we  have  given  the  volunie 
to  which  one  cubic  centimetre  of  mercury  will  expand  when 
heated  to  the  different  temperatures  indicated  in  the  first  column. 
This  volume  may  be  calculated  by  means  of  the  formula  Fs» 
1  +  ^  A,  whenever  the  corresponding  mean  coefiicient  between 
0^  and  r  (as  given  in  the  second  column  of  the  table)  is  known; 
and  for  temperatures  for  which  the  coefficient  has  not  been  de- 
termined, it  can  be  ascertained  sufficiently  near  by  interpolation. 
It  is  convenient,  however,  to  have  a  single  formula  by  which  the 
volume  can  be  calculated  at  once  for  any  temperature  ;  and  such 
a  formula  can  be  obtained  by  applying  the  principle  of  [130]. 

Since  the  volume  is  always  some  function  of  the  temperature, 
it  can  be  expressed  by  the  general  formula,  into  which  every 
algebraic  function  may  bo  developed, 

r=  A  +  Bt-^  Ct*  +  Dt'+j  &c.  [171.] 

In  the  present  case,  A  is  equal  to  unity,  the  volume  when  the 
temperature  is  zero,  and  the  other  coefficients  can  be  found  by 
substituting  in  the  general  equation  [171]  the  value  of  -4,  and 
also  the  values  of  V  and  t  for  each  temperature  at  which  the 
volume  has  been  experimentally  determined.  We  shall  thus 
obtain  as  many  equations  as  there  are  determinations,  and  by 
combining  them  together  according  to  the  well-known  methods  of 
algebra  we  can  easily  calculate  the  coefficients  required.  Making 
use  of  Regnault's  results,  as  given  in  the  above  table,  we  should 
thus  obtain  for  the  volume  of  mercury  at  any  temperaturei  ^,  aa 
indicated  by  an  air-thermometer,  the  value. 


V=  1  4-  0.0001T9007  t  -f-  0.000000025231a  ('.      [17*2.] 

I  unnecessary  to  add  tliat  tliis  formiita  is  purely  empirical, 
L  can  only  bo  trusted  fur  temperatures  wiUiiu  llio  limits  bc- 
I  which  the  experiments  vcro  made. 

151.)  Correction  of  the  Observed  Ihight  of  the  Barometer 
for  Temperalure.  —  Siiico  the  lieight  of  a  barometer  is  aflbctod 
by  changes  of  temperature  (160),  it  l>ecomc9  essential,  iKjfore 
comparing  together  diSercnt  observations,  to  reduce  each  to  the 
xliinditrd  temperature  of  0° ;  in  other  woi-ds,  to  calculate  what 
would  liavo  been  tlio  height  had  (lie  temperature  at  the  time  of 
Uio  observation  been  at  tlie  freezing-point.  Tlie  princijtics  of 
tho  last  section  furnish  us  with  a  ready  method  of  making  the 
reduction. 

The  preswire  of  the  air  being  constant,  it  follows  from  (158)  and  [81] 
that  the  lieighi  of  a  mercurj  baroaieier  at  difTerenl  lemperalures  will  bo 
inversely  proportional  lo  ilie  specific  graviiy  of  mercury  al  these  tempera- 
tures. Henre  wo  thall  bnvo  Jf:  H'  =  i^Sp.Gr.)'  :  {Sp.Gr.),  a  proix>r- 
liun  in  wkich  //onil  (Sp.Gr.)  represent  tlie  height  of  the  column  and  the 
viKwific  gravity  of  mercuiy  at  0',  while  H'  and  {Sp.Gr.)'  represent  the 
Mme  values  at  f.  But  we  ulao  have  {Sp.Gr.)  =  (Sp.Gr.)'  (1  -|-  Kl), 
and  combining  this  with  ihe  last  proportioaj  we  at  once  deduce  J£'  = 
if(l+A'().  and 


u=n' 


1 

1  +  A"(  ' 


--W- 


..     Kt 
l  +  A'C 


[173.] 


lobslitoling  for  K  its  mean  value  between  0"  and  100°  (0.00018  = 


II=JI'  —  H' 


ssjo^t  ■ 


[174.] 


a  of  the  above  formula  is  the  correction  which  mnst  be  sub- 
l  the  obaervod  height,  in  order  lo  reduce  the  observiuion  to 

a  rrdaction  as  thus  made,  however,  would  not  be  quite  correct,  since 
:  not  taken  into  account  Ihe  change  in  ilie  length  of  the  scute  of 
meler  caused  by  the  expansion  of  tliL'  material  on  which  it  ia 
■ved.  If,  aa  in  the  barometer  of  Fortin  (160),  this  scale  is  ongmvcd 
a  casing  of  tlie  lube,  which  enendfi  quite  down  to  the  dstem, 
f  to  make  allowance  for  tlie  effect  of  its  expansion,  assaming  that 
a  agrees  with  the  dlnndard  of  length  at  0*.  Let  us  aa^ume  ihnt  tba  _ 
a  on  the  scak  are  iu  umtiinetrea.     It  U  evident  llial  the  effect  4 
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heat  will  be  to  increase  the  length  of  each  division,  and  thus  to  make  the 
apparent  height  of  the  mercury-column  less  than  the  real  height    If  the 
brass  expanded  as  much  as  the  mercury,  the  two  effects  would  baknoe 
each  other,  and  there  would  be  no  correction  to  make.     But  this  is  not  the 
case  ;  and  the  expansion  of  the  brass  scale  only  in  part  compensates  fcr 
the  increased  height  of  the  mercury-column  caused  by  the  change  of  tem- 
perature.    Representing  by  k  the  coefficient  of  expansion  of  hrm,  «e 
shall  have,  for  the  length  of  each  division  of  the  scale  at  (^,  the  nhe 
l-\-kt;  and  since  the  apparent  height  of  an  invariable  mercuiy-coliiBi 
must  be  inversely  proportional  to  the  length  of  the  divisions  of  the  mki 
by  which  it  is  measured,  we  deduce  the  proportion  H :  JI^  =  1  : 1  -^'ktf 
in  which  If  and  ITq  represent  respectively  the  apparent  heights  of  the 
column  at  f  and  0°  respectively.     Substituting  in  this  proportioa  the 
value  o£  If  [173],  we  readily  deduce 

^  =  ^'  r+^<  =  H'-H'  ^f^^.  [176.] 

The  second  term  of  the  above  formula  gives  a  correction,  to  be 
subtracted  from  the  observed  height  of  a  mercury-column,  which 
eliminates  the  expansion  of  the  scale  as  well  as  that  of  the  column 
itself,  and  reduces  the  observations  strictly  to  0®.     The  value  of 
this  correction,  in  centimetres,  corresponding  to  one  degree  of 
temperature,  is  given  in  Table  XVIII.  for  every  five  millimetres 
in  the  height  of  the  mercury-column  from  0.5  c.  m.  to  100  c.  m., 
and  not  only  for  a  barometer  with  a  brass  scale,  but  also  for  a 
barometer  with  the  scale  engraved  on  the  glass  tube.     The  co^ 
rection  for  any  given  temperature  is  found  by  multiplying  the 
number  from  the  table  opposite  to  the  observed  height  by  the 
number  of  degrees.     If  the  degrees  are  above  zero,  the  correc- 
tion is  to  be  subtracted  from  the  observed  height ;  if  below,  to  be 
added  to  it.     This  same  table,  as  well  as  the  formula  [175],  may 
also  be  used  for  reducing  to  0**  the  height  of  any  mercury- 
column  ;  for  example,  that  in  a  manometer-tube  (168),  or  in  a 
glass  bell  over  a  mercury  pneumatic  trough  (169).     If  the  height 
of  the  column  is  measured  by  means  of  a  cathetometer,  as  in 
Fig.  272,  it  is  equivalent  to  using  a  barometer  with  a  brass  scale, 
and  the  correction  must  be  taken  from  the  column  headed  "  Brass 
Scale  "  in  Table  XVIII.    If,  on  the  other  hand,  it  is  measured  by 
means  of  graduation  on  the  glass  bell  or  tube  itself,  the  column 
headed  ^^  Glass  Scale  "  should  be  used. 
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(252.)  Apparent  Erpansion  of  Mercury,  —  T)io  apparent  ex- 
pansion of  mercury  will  evidently  vary  with  the  nature  of  tlie 
vessel  in  which  it  is  enclosed.     But  since  the  vessels 
^^\i      used  for  the  purpose  are  almost  invariably  made  of 
I  tak     gla^s,  WO  understand  by  the  term  apparent  ejcpan- 
1     c        sion  the  apparent  expansion  in  gloss,  unless  it  is 
otherwise  stated.     Tlie  apparent  expansion   of  mer- 
cury in  glass  can  readily  be  determined  experimen- 
tally by  means  of  the  apparatus  represented  in  Fig. 
380.     It  consists  of  a  cylindrical  reservoir  opening 
into  a  capillary  tube,  which  is  drawn  out  at  the  end 
to  a  fine  point,  and  bent  into  the  form  of  a  hook. 
The  apparatus  is  in  tlie  first  place  weighed,  and  then 
filled  with  pure  mercury,  like  a  thermoraeter-tubo 
(Fig.  340),  talduL^  caro  to  boil  the  mercury  in  the 
reservoir  in  order  to  expel  the  last  traces  of  air  and 
moisture.     It  is  next  surrounded  with  melting  ice, 
the  orifice  of  the  tube,  o,  dipping  under  mercury, 
s  thus  drawn  into  the  apparatus  as  the  temperature  falls 
until  the  whole  is  filled  with  mcrciiry  at  0'.     Having  weighed 
the   apparatus   again,  and   subtracted  the  weight  of  the  glass, 
we  obtain  the  weight  of  the  mercury  at  0°,  which  we  will  repre- 
sent by  W.    Finally,  we  expose  the  apparatus  to  a  constant  and 
known  temperature,  t',  (for  example,  to  that  of  the  steam  from 
boiling  water,)  and  collect  and  weigh  the  mercury  which  escapes. 
Call  this  weight  w  ;  then  W —  w  is  the  weight  of  mercury  which 
Just  fills  the  apparatus  at  l".     We  have  now  all  the  data  required 
for  calculating  the  apparent  coefficient  of  expansion. 

The  volume  of  W —  w  grammes  of  mercury  at  0°  is,  by  [56], 

V=  ■  7.—^,-    .      Neglecting   the   expansion   of   the   glass,   this 
(Ap.  <jr.) 

weight  of  mercury  occupies  at  i"  the  same  volume  which  was 

filled   by   W  grammes  of  mercury  when  the  temperature  was 

zero ;  viz.  the  volume  of  the  apparatus.     Hence,  the  volume  of 

W —  10  grammes  at  f  is  V  =  t-p— ?--^  ■  But  if  K  repre- 
sents the  coefficient  of  apparent  expansion,  we  have,  by  (239), 

F'  =:  F  (1  -f-  K  ()  ;  and  substituting  tlie  values  of  V  and  V, 
■  reducing, 


K  = 


iW-v)t 


[176.] 
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Dulong  and  Petit  found,  by  this  method,  that  tlie  appuent 
coefficient  of  expansion  of  mercury  in  the  common  gtan  d 
Paris  is  ^iVir  f  ^^^  evidently  this  coefficient  depends  on  the 
expansion  of  glass,  and  is  liable  to  all  its  yariatioiis  (245). 

(253.)  We  can  also  easily  determine  the  aj^mrent  expansion 
of  mercury  by  a  thermometci^tube,  whose  stem  has  been  divided, 
into  parts  of  equal  capacity  (221).  For  this  purpose,  wt  in 
the  first  place  ascertain  the  relation  between  the  volume  of  tho 
reservoir  and  that  of  one  of  tho  divisions  of  tho  tube  in  ths  fot 
lowing  way :  — 

The  tube,  having  been  weighed,  is  partially  filled  witli  lDe^ 
cury,  and  the  point  on  the  lower  part  of  the  stem  at  wliich  die 
mercury  stands  in  melting  ice  is  carefully  marked.  Xotr  re- 
weighing  the  tube,  we  find  the  weight  of  mercury  which  the  tube 
and  bulb  contain  bdow  this  index-mark.  Call  this  weight  W. 
An  additional  quantity  of  mercury  is  tlien  introduced,  so  that, 
when  the  apparatus  is  again  immersed  in  ice-water,  the  column 
stands  at  the  ntli  division  above  the  mark.  A  third  weighing  BOir 
gives  the  weight  of  mercury  occupying,  at  0"*,  n  divisions  of  the 

tube.     Call  this  weight  w ;   then  —  is  the  weight  of  merciuy 

which  fills  one  division  of  the  tube.  Assuming  the  volume  of 
one  division  of  the  tube  as  our  unit  of  measure,  and  representing 
by  N'  the  number  of  such  units  of  volume  which  the  bulb  and 
tube  contain  below  tho  index-mark,  we  have 

i\r'  =  n  -  ;  [177.] 

and  knowing  the  number  of  these  arbitrary  tmits  of  volume 
below  the  index-mark  on  tho  tube,  we  can  by  simple  addition 
or  subtraction  find  the  immber  below  any  other  division.  Let  us 
represent  this  number  in  general  by  N. 

The  bulb  and  tube  having  been  thus  gauged,  in  order  to  meas- 
ure the  apparent  expansion  of  mercury  we  have  only  to  dctci^ 
mine  the  two  fixed  points^  as  in  making  a  thermometer  (218). 
The  numl>cr  of  divisions  on  the  stem  between  these  points  is  the 
number  of  units  of  volume  which  iV  units  of  volume  expand  be- 
tween 0""  and  100^.  Representing  by  n  the  number  of  divisions 
between  the  fixed  points,  we  have,  by  [166], 

JV^+n=iV^a  +  K100),    whence     K  =  jyJ^;      [HS.] 
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Idch  is  tlie  cooflficient  required.    Tliis  method,  lUthough  not  so 
Kurato  ill  tlio  cui^o  of  nu^rcury  ns  tlH!  oub  dcKrribod  in  t)ie  laM 
etioii,  is  much  tho  niore  accuruto  of  ttio  two  for  other  liquids. 
|.(2S4.)  Relation  beltceen  the  Apparent  and  Absolute  Corffi- 

Mnl  of  E^rpnnsiun.  —  It  has  already  Iwoii  stated  (249).  that  the 

'  apparent  iiicrea^o  of  volume  of  mercury  in  a  glass  vessel  is  equal 
to  tho  actual  iiicrcaso  of  volume  diminished  liy  the  amount  of 
expauvioii  of  Iho  {rluss.  A  Eimplo  algubraic  calculation  will  show 
t  tlie  apparent  coefficient  of  ex  jiaiision  of  mercury  is  Jso  equal 
\  llio  absolute  coc^cicTtl  diiiiiiiislicd  hy  the  coefficient  of  expan- 
I  of  tlio  glass.  Representing  these  quantities  respectively  by 
^S,  aud  K',  wo  have,  in  every  case. 


ti=K~K-    (1). 


-K-li     (2);    [1-9.] 


I  that  wc  can  always  calculate  either  coefficient  when  the  other 
<  arc  known.  Now  tlio  ah-iolute  coefficient  of  mercury  is 
bowii  with  great  accuracy,  and  we  can  therefore  use  the  pro- 
i  described  in  Uie  last  two  sections  for  determining  the 
keflicieut  of  expansion  of  gloss.  Indeed,  tliis  is  much  the  mod 
JBarate  method  we  have,  and  the  careful  determinations  madv 
r  B«gnault  of  tho  coefficients  of  expansion  of  diflTeTCnt  kinds  of 
I,  and  of  the  same  glass  under  dilferent  circumstances,  were 
idc  in  tliis  way. 

\e  can  also  use  the  method  of  (252)  for  determining  the 
^efficient  of  expansion  of  any  solid  not  acted  on  by  mercury, 
pien  the  coefficient  of  tho  glass  used  is  known.     For  this  pur- 
10,  a  weighed  amount  of  the  solid  (either  in  fragments  or 
I  the    form  of  a  bar)  is  introduced   into  a  glass  tulie   closed 
Jf  one  end,  and  tho  other  end  is  then  heated  in  a  lamp  and 
jiwn  out  into  the  form  represented  in  Fig.  880.     The  tube  is 
Izt  filled  with  mercury,  and  the  exponmcut  conducted  in  all 
xtB  as  described  in  (2o2).     We  shall  then  have  the  Ibllow- 
[  data  for  calculating  the  coefficient  of  expansion  of  the  solid: 
[  tlio  weight  of  the  solid  (W^),  and  its  specific  gravity  (J); 
S  tlio  wciglit  of  mercury  in  tho  tube  at  0°  (  W'),  aud  its  speoi&c 
gravity  (^);  8.  the  weight  of  mercury  in  the  tube  at  t°(W' — «?); 
4.  the  coefficients  of  mercury  and  glass  (JT  and  ii').     Represent- 
ing also  hy  x  the  unknown  coefficient  of  tlio  solid,  we  can  easily 
obtain  it  from  tho  following  equation,  remembering  that  the  vol- 
ume of  tho  tube  cither  at  0°  or  t"  must  be  equal  to  the  volume  of 
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the  enclosed  solid  plus  the  volume  of  the  mercury  it  ocmtaiiii 
at  the  temperature.     See  also  [56]  and  [166]. 

From  this  we  obtain  tlie  value  of  the  coefficient, 

This  method  of  determining  the  coefficient  of  expansion  d 
solids  admits,  in  many  cases,  of  great  accuracy.  It  was  used  bj 
Dulong  and  Petit  for  determining  the  coefficients  of  cubic  expan* 
sion  of  iron,  platinum,  and  copper. 

(255.)  Laws  of  the  Expansion  of  Liquids,  —  The  fullest  in- 
vestigations on  the  expansion  of  liquids  have  been  made  by 
Kopp,*  in  Germany,  and  by  Pierre,t  in  France.  These  experi- 
menters followed  essentially  the  same  method.  They  dete^ 
mined,  in  the  first  place,  the  apparent  expansion  by  means 
of  a  thermometer-tube,  as  described  in  (253),  and  afterwards 
corrected  the  results  for  the  expansion  of  the  glass.  The  follow- 
mg  are  the  most  important  facts  which  are  known  in  regard  to 
the  expansion  of  this  class  of  bodies. 

Liquids,  like  solids,  expand  with  an  almost  irresistible  force, 
which  may  be  measured  by  the  mechanical  effi)rt  required  to 
condense  the  expanded  liquid  to  its  initial  volume  (118).  For 
the  same  increase  of  temperature,  all  liquids  expand  more  than 
the  most  expansible  solid.  This  we  should  naturally  expect, 
from  (244),  because  liquids  are  more  compressible  than  solids; 
and  in  support  of  the  same  principle,  we  find  that  the  order  of 
expansibility  of  different  liquids  is  nearly  the  same  as  the  order 
of  compressibility,  although  by  no  means  identical  with  it.  It 
may  also  be  stated  as  a  general  rule,  but  one  to  which  there  are 
many  exceptions,  that  the  most  expansible  liquids  are  those 
which  have  the  lowest  boiling-points  ;  this  is  especially  true 
in  regard  to  liquids  which  are  allied  in  their  chemical  proper- 

*  PofjrgcndorfTi  Annalen,  Band  LXXII.  8.  823.    AIbo  Ann.  Chem.  nnd  Pharm., 
Band  XCIV.  S.  257 ;  Band  XCV.  8.  307. 
t  Annalcs  de  Chimie  et  de  Physique,  3*  S&ie,  Tom.  XV.,  XDL,  XX.«  XXI, 

XXXI.,  xxxm. 
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The  difference  between  the  coePRcients  of  expansion  of 

liiront   liqnitls   for  the   cxlrenio   casi-s  is  very  groat.     Tims, 

1  the  cocflicient  of  uiercurj  is  only  0.00019  at  the  Iwiling- 

bt,  tliat  of  aldehyde  is  0.002025,  only  ouo  tliini  less  tbau  that 

EBir.     The  amount  of  expansion  of  diHerciit  licjiiids  for  tlic 

B*:  iDterrul  of  temperature  may  tbercfore  diller  inuDcnKcly. 

B  rate  of  expaiision  of  all  liquids  increases  witli  the  tempera- 

[  but  it  varies  according  to  different  laws  with  different  sult- 

bces,  and  these  laws  appear  fo  he  very  complicated.     Of  all 

Bids,  llio  coefficient  of  e.xpnnsiou  of  mercury  increases  the  most 

(cly,  that  of  water  the  most  rapidly,  —  the  difference  between 

k  meau  rutu  of  increase  in  the  two  cases  l)cing  ^according  to 

;nituU  and  Kopp)  as  28  to  1.408.    Tlie  following  table,  which 

glides  also  a  few  of  the  results  of  Pierre's  intestigatiou,  will 

istrat«  these  facts. 


Xtiam-I  Liquid. 

^lii^i-i^DL 

CortlWnlof 
uO-. 

)1»H  luo  of 

^i'ir 

0-Ol)OI97» 

0.000 I7B- 

o.ois 

S60 

doriiie  of  Amjh,     . 

0.UUIU!I3 

0.001)71 

0.138 

101.73 

Rb(««,          .           .           . 

0.001328 

O.OOOSSS 

0.399 

161 

by&AlcoW.-        . 

0.001347 

0.00104!! 

0.3S4 

7B.S 

Ajtio  Al<t>Jiol.  .        . 

0.001 4!)  1 

0.0011 $5 

0.409 

C3 

»i«V    -        .        . 

0.00 1313 

a.0OIO3J 

0.(39 

6S.0I 

RUoridsof  n.gspL»ru' 

(Looisav 

0.001129 

O-SSl 

7K.S4 

bfrfb™,        .        . 

0.001483 

0.0111107 

0.S4S 

«)l.jO 

IjH*  Alcohol,    .        . 

0.001 60« 

0.000690 

0.611 

131.8 

nideof  Uotbjl^  . 

0.001 5a» 

O.00UIJ 

0  7?« 

13 

orfdtofSilic'on, 

0.001978 

0.0012114 

0.99* 

S9 

phno».Add.       . 

O.O0IS20 

0-001 4V6I 

I.I5I 

-i 

Ay*.      .       .       ■ 

0.002121 

0.0016.8 

l.IM 

« 

fcr.       .      .       . 

O.OO0761 

O-OOOOOOt 

.00 

C  lias  boon  found  in  a  fewcascs,  that,  starting  from  Uieboiling- 

llt,  the  Volumes  of  liquids  belonging  to  the  same  chemical 

Bp  diminish,  as  the   temperature   falls,  very  nearly  at  the 

I  ratu.     By  this  is  meant,  that,  starting  wliU  equal  volumes 

bch  chemically  allied  liquids  at  their  boiling-points,  the  vol' 

■  also  will  be  equal  at  (eni)>cratures  equally  distant  from  these 

fats.     At  least,  this  was  observed  to  bo  true  by  Pierre  in  fivo 


<I  fnnn  RrL-ni 
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separate  instances;  but  onfortiinati-ly  these  ^ranps  comutnl  li 
only  two  or  tliree  liquids,  auti  iieuce  no  gcncrul  cuiiclusiun*  oo 
be  drawn  from  tbe  facts. 

The  expansion  of  most  liquids  can  bo  represented  by  a.  fannitk 
of  the  general  form  [171],  witli  tlie  Bume  ntimericul  ouufTicieiib 
for  all  t^nnpenitures  between  the  limits  of  the  cxpct-iuuint.  The 
following  are  tlie  formiilie  for  aluoliol,  ether,  aud  oil  uf  turposdnu, 
&s  calculated  by  Kopp  from  tlie  results  uf  Uis  owtt  vxperimeuO: 

AIccAol,   Sp.  Gr.  =  0^950 ;  B.  P.  =  7H'A  ;  0"  to  70'.6. 

F  =  1  +  0.0O104139  ( -f  0.0000007836  (»  -|-  O.OOOOnOOITfilJ 
Elher.   Sp.  Gr.  =  0.73658  ;   B.  P.  =  34" .9  ;  «°  to  *j 

f  =:  1  +  0.001 48026 /  + 0.000003503 1 6(»  +  O.0OOO00O27CKWI 

Oil  of  lorpenline,   Sp.  Gr.  =  0.884  ;   B.  P.  =  Iflfi' ;   0".3  lo  !'>; 

K=  1  +  0.0009003(  +  0.00000 ]'Ji'J5(*  -f-  0.000000004i('. 

In  each  case  are  given  the  specific  gravity,  the  boiIiiig-|)oi»t,  ani 
the  limits  of  temperature  between  wliicli  tiio  expcrimcutA  from 
wJiich  llio  formiiluis(iedvK'«d  wrromodtt. 
Sti'ictly  speaking,  the  fonniila  only  boUi 
between  these  limits  ;  but,  noverthcles^ 
it  can  be  used  without  any  imporUmt 
error  for  temperatures  a  few  «iegnes 
either  above  or  bolow  the  extreme  lim- 
its, as,  for  example,  to  detcrmina  the 
volume  of  a  liquid  at  tho  boiling-point. 
The  law  of  expansion  whtcli  »ny  piven 
liquid  obeys  may  also  bo  expressed  by 
means  of  a  curve  applying-  Iho  priadple 
already  explained  in  {^Iftj).  Fig.  ^l 
represents  three  sncli  ciirreB,  thone  of 
mercury,  water,  and  alcohol.  Bern  Uib 
numbers  on  tho  horizontal  axis  indickla 
degrees  of  temperature,  and  the  numlMm 
on  tlio  vertical  axis  tlio  convipouding 
amount  of  expansion,  expreeecd  iu  froo 
tions  of  th')  nnit  uf  volumo.  These 
CTirvos  ilhiKtrata  aeroral  of  the  tkcU  JM»t 
stated.  It  is  evident,  for  example,  that  alcohol  expands  muuli 
more  rapidly  tlian  eitlier  of  the  oUier  two  li'iuida.     It  vill  olaa 


>  noticed,  that,  although  above  40'  water  cxpauds  more  rap- 
Bl;  llion  mtireuiy,  y»t  below  tliis  temperature  the  order  in  re- 
Moreover,  it  will  be  Kiou  that  the  ciirvo  of  morcury  is  a 
tdgtit  line,  showing  that  the  aiuuuiit  of  its  exjumsioii  is  propor- 
1  to  llifl  temperature,  or,  in  other  words,  that  tliu  rate  is  uuh 
(Tlio  small  variation  whiuh  actually  «jcists  is  not  sensible, 
t  account  of  the  reduced  scale  of  the  figure.)  Tlio  curve  of 
k>Iiq1,  on  the  other  hand,  bends  in  towards  the  vertical  axis, 
idicating  that  its  rale  of  expansion  increases  with  tlic  tempore- 
and  the  curve  of  walur,  bending  much  more  strongly, 
lints  to  a  etill  more  rii)iid  variation. 

S.)  ExpansioH  of  Liquids  above  the  Boiling-Point.  —  It 

jks  well-known  fact,  that,  when  a  liquid  is  coiiiincd  in  a  strong 

1  liermctically-seuled  vessel,  its  temperature  may  be  raised  very 

peatly  above  ita  boiling-point;  and  it  becomes  a  very  interesting 

jQbject  of  inquiry,  whether  the  rate  of  expansion,  wliicli  incroasos 

•apidiy  as  we  approach  this  point,  increases  with  equal  rapid- 

r  above  it.      Tliis  subject  has  recently  boon  investigated  by 

t  Drion,"  and  he  has  arrived  at  the  very  remarkable  conclusion, 

t  under  these  circumstances  tlic  coefficient  of  expansion  of  a 

illid  not  only  increases  at  a  constantly  accelerated  rate,  but  also 

iftt  it  may  even  surpaKs  the  coeflicient  of  expansion  of  the  gases. 

[ho  experiments  of   Drion  were  made   on   chloride  of  ctliyle, 

Mnitric  acid,  and  sulphurous  acid,  and  his  results  are  given  in 

)  following  table,  which  shows  tlie  coefficients  of  expansion  of 

I  fiiree  liquids  at  the  temperatures  indicated. 


■ 

C<idlda>  <4  BuMrfDu. 

"rjiis?"' 

B.  P.  -  -«-. 

■WTi* 

0 

0.O0I4S2 

D.001T34 

0.O0NJS 

la 

0.001  e«a 

O.OO!02» 

O.0OISH 

•M 

0/»l9» 

D.008.1TI 

0.0018rt 

H 

0.002203 

0.002.116 

0.00S2S0 

M 

O.OD202lt 

o.imtm 

0.008788 

N 

0.003910 

0.0011  IT 

O.003061 

100 

0.003250 

0.00  IfiS* 

lit 

0.003690 

0.0069t» 

ISO 

0.00 I30« 

0.0OT9S3 

ISO 

0.00i03l 

0.009571 

It  of  expaiuian  of  ur  •=  0,003H1. 
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It  will  be  noticed  that  the  coefficients  of  all  three  liquids  in- 
crease with  very  great  rapidity  above  their  boiling^ints,  and  dial 
those  of  the  first  two  soon  exceed  the  coefficient  of  air.  The 
same  is  undoubtedly  the  case  with  hyponitric  acid ;  but  it  wu 
impossible  to  push  the  experiment  above  90**,  because  the  deep 
color  of  the  vapor  obscured  the  position  of  the  summit  of  the 
liquid  column  in  the  thermometer-tube. 

These  results  confirm  the  following  observation  made  by  Thi- 
lorier,  in  1835,  in  regard  to  the  expansion  of  liquid  carbonic 
acid,  which  has  been  hitherto  received  with  great  mistrust  on 
account  of  its  paradoxical  nature,  but  which  is  now  shown  hj 
Drion  to  be  in  perfect  harmony  with  the  laws  of  liquid  expan- 
sion :  — 

^^  This  liquid  presents  the  strange  and  paradoxical  fact  of  a 
liquid  more  expansible  than  the  gases ; in  a  word,  its  ex- 
pansion is  four  times  greater  than  air,  which  between  0**  and  80* 
expands  only  3^^,  while  the  expansion  of  liquid  carbonic  acid 
reduced  to  the  same  scale  amounts  to  ^if ."  * 

(257.)  Expansion  of  Water.  —  The  expansion  of  water  is  fa 
more  irregular  than  that  of  any  known  liquid,  although  tlie  total 
amount  of  expansion  between  0^  and  100^  is  comparatively  small. 

This  fact  is  shown  by  the  table  on  page  517,  fjx)m  which  it 
appears  that  the  coefficient  of  water  increases  as  the  temperature 
rises  vastly  more  rapidly  than  that  of  any  other  liquid  mentioned, 
although  this  coefficient,  even  at  the  boiling-point,  is  the  smallest  * 
in  the  table  with  the  single  exception  of  that  of  mercury ;  and  not 
only  does  the  coefficient  increase  with  this  unparalleled  rapidity, 
but  also  the  rate  of  increase  varies  so  irregularly,  that  it  has  been 
found  impossible  to  express  the  volume  of  water  at  different 
temperatures  by  any  single  empirical  formula.  All  this  is  true 
of  the  expansion  of  water  between  10**  and  100"*,  and  below  10* 
the  expansion  is  still  more  irregular  than  it  was  above ;  for  water 
alone  of  all  liquids  has  a  point  of  maximum  density  above  its 
freezing-point  (4**  C),  and  from  this  temperature  it  expands, 
whether  it  be  heated  or  cooled. 

(258.)  Point  of  Maximum  Density.  —  This  last  fact,  which  is, 
so  far  as  we  know,  a  unique  property  of  water,  and  seems  to 
be  a  special  adaptation  in  the  plan  of  creation,  can  be  very  well 


*  Annales  de  Chimic  ct  de  Physique,  2*  Serie,  Tom.  LX.  p.  427. 


illii5tmted  bj*  me&ns  of  tlic  apparatiiB  rqircsentefl  iii  Fig. 
Tiie  apparatus   ia  essentially  a   largo  wauir  lhcrini»uotur, 
glass  jloetc  of  uboiit  Olio  lUro  capacity  form- 
ing Uic  Imlb,  and  ttio  tube  being  Eccured 
by  leatlipr  packing  in  a  brass  cap,  which 
Bcrcws  into  a  collar  of   the   Bame   metal, 
comcntoii  to  the  neck  of  the  flask  (see  Fig. 
388).     The   temperature  of  the  water  in 
the  flask  is  given  by  a  thcrroometor  au&- 
pcndud  from  a  Uouk  ou  tho  under  side  of 
the  cap,  and  the  height  of  the  column  in 
tlie  tube  is  observed  by  means  of  a  wooden 
scale   divided    into   millimetres,   counting 
from  a  zero-point  near  tiic 
lower  end. 

If  this  apparatus  is  placed 
in  a  coid  room,  whose  tem- 
jieraturc  is  below  tlio  freez- 
ing-point, and  cart^fiillv 
wutched,  the  column  of 
water  in  the  tube  will  be 
Kscn  to  fall,  mjlil  the  ther- 
mometer iu  tho  flask  marks 
About  0^  It  will  then  l>e 
at  its  lowest  point :  for  as 

the   temperature  falls  still  mss  ni  asi 

lnwor,   tlio- liquid    column 

will  begin  to  rise  in  the  tube,  and  continue  to  rise  until  the 
water  freezes,  although  by  keeping  tho  apparatus  perfectly  still 
tlic  water  may  be  cooled  several  degrees  below  its  normal  Ireez- 
in^point  before  this  takes  place. 

Tho  course  of  this  very  remarkable  phenomenon  may  be  best 
represented  to  the  eye  by  moans  of  a  curve.     In  Fig.  384.  the 
abscisms  of  the   curve  a  b  c  rirpresent  degri-cs  of  temperature. 
!  thu  ordinates  tho   corrQS|Kiiiding   height  of  the   column  of 
tor  iu  the  tube  of  the  apparatus  (Fig.  382),  measured  from 

B  zero-murk  on  the  scale :  and  it  will  l>o  noticed  that  the  curve 

nds  towards  the  axis  of  abscissas,  reacliing  its  lowest  ))oint  at 
I  temperatui-e  of  about  6".     This  curve  does  not,  however, 
scut  foitlifully  tliu  variation  in   the  voluinu  of  the  water. 


522 


CHEMICAL  PHTSICS. 


since  tlie  height  of  the  liquid  colanm  in  the  tiilw  depcndo  on  (lit 
expanstoii  of  the  glass  as  wi?ll  as  on  that  of  the  <>ncloacd  lii]iuii 
But  since  we  know  the  volume  of  the  gloss  flask  and  JtscDcfli- 
ciont  of  expansion,  it  is  caiy  lo 
calculate  the  etfect  proihiooil  lir 
its  expansion  ;  and  thus  we  eat 
rednce  tho  observed  height*  of  Ihs 
column  of  water  to  what  ihej 
would  lie.  were  the  ruluiiw  of  tiw 
vessel  uhsolutoljreoiistHnt.  tr,llKni 
we  construct  a  curve  wilh  Ihw! 
corrected  heights,  wo  shall  obtain 
the  curve  a  df,  which  repn-wno 
aci:uriilclj-  the  variation  in  llievot- 
unio  of  water  between  t)'  aiidlS*; 
and  it  will  he  seen  that  thu  liquid 
has  tliu  smallest  lulunio  {or  is  mtKl 
dense,)  at  4°. 

There  is  another  singular  feet 
connected  wilh  this  phenomenon. 
Starting  from  the  point  of  maxi- 
mum density,  the  rate  of  expansioa 
of  water  increases  with  very  nearly  equal  rapidity,  wholber  wo 
heat  or  cool  the  liijuid.  This  is  illustrated  by  tho  wawr  thcf 
momoter  (Fig.  385),  in  which,  aa  before  descril)ed  (219),  Ibe 
degrees  have  been  proportioned  to  tho  rate  of  expansion.  In  lliia 
thermomoler,  as  in  tho  apparatus  of  Fig.  882,  ihe  water  will  be 
at  tho  lowest  point  at  6°,  and  from  tliis  temperaturo  Uio  wbIot  wfll 
rise  whether  the  instrument  bo  heated  or  cooled,  the  Io)t|^  uf 
the  degrees  in  either  case  rapidly  increasing.  The  tempentuna 
below  6'  are  marked  in  the  figure  on  tlw  left-hand  side  of  die 
scale  of  tho  instrument  >  but  here,  as  before,  tho  phonomcnon  \$ 
obscured  by  tho  expansion  of  the  glass,  ^o  that  the  rate  of  espwi* 
fiton  on  either  side  of  tho  point  of  maximum  density  caotiol  be 
directly  compared.  It  is  evident,  however,  that  it  incrossvs  in 
both  cases  with  great  rapidity ;  and  wci'O  the  tube  and  bulb  )n«x- 
pansible,  the  lowest  point  on  tho  scale  would  bo  4' 
degrees  on  either  Bide  would  ho  of  equal  leufftlis. 


■ 


Tho   fact   that  water  has   a  point  of  r 


1  deniiHi 


iirst  noticed  by  the  Florentine  Academicians  as  earljra 


BEl.t. 


(  first  c 


•pftilly  i 


lut  the  fi)ienom«non 

LcBlire  Giiiemi,  while  Hi'tfrmiuing 
I  French  unit  of  weight,  at  tho  close  of  the 
tBt  century  (IS),  Ho  fixed  tlie  point  of  niaxi- 
i  density,  by  weighing  a  mass  of  hraca  in 
TBltT  (135)  ajid  comparing  the  loss  of  weight  :i  t 
different  IcmpomturBs.  —  taking  care  to  roilnrc 
J  results  to  what  ihcy  would  have  been  il'  t:  :■ 

I  of  the  brass  had  remained  ahsoh;! 
iltFtaut.     Ho  found  that  water  vrss  most  i! 
i  C,  and  Uus  rt-sult  was  coufirniod  jh 
lently  ljy  Hathitruin,*  who,  using  csscni. 
I  fiomc  procesH,  dxcil  tho  point  of  maxini 
msily  at  4'.1.     Still  later,  De»prelz,t  in  a  \^.. 
bcteiided   iiiTevtigatioii,   published  in  1^39,  on 
expansion  of  water  from  — 9°  to  -f-100",  al- 
^  fixed  the  pi'jint  of  maximum  density  at  4°. 
ipretz  used  in  his  experiment  ihennometer- 
^,  and  ineasiired  tho  change  of  volume  by 
I  method  described  in  (253},  correcting,  of 
nr^e,  tho  oboer^cd  results  for  the  expaitiiioii 
be  glaM.     These  obMnrutJons  wore  evidently 
iscd  to  all  tho  uncertainties  voiiitoclixl  wilJi 
J  expansion  of  glass,  already  noticed  CiWo)  ; 
since,  near  tho  point  of  niaxiutuin  density, 
B  cxpaiinon  of  ftlass  bean  ft  very  lari^  propor- 
)  that  of  water,  a  small  error  in  tho  do- 
iiiation  of  tlib  quantity  may  Itaro  cnuKcd 
h  important  errvrln  lli«  final  rcvulL     In  order 
roid  ibi*  source  of  error,  Pliteker  and  Geiio. 
who  have  mado  tlie  most  recent  invevti- 
s  on  this  sub}ccl,  osmI  ihcrmi^meler-taliefl 
oiuly  coulrivcd  to  that  iJic  expuiitou 
'  sltould    correct    tliat    uf  tin-    f(\a*M. 
'  found   it,  IwwcTcr,   imp>)Mil>l':    to   it' t' r 
with    alftolate   accuracy    tlw    |ioiiii 

n  BradM.  Ton  IV  ^  IH :  Tai*  X-  ISI 
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maximum  dcngity  by  direct  observation  ;  but  tlicy  conclnded 
that  it  must  be  very  uear  3''.8,  and  tbat  it  miglit  bo  regardnt 
for  all  practical  purposca  as  at  4°  withoiit  Boaeible  error.  In- 
deed, it  is  impossible  witli  our  present  metbods  of  obcurmtiun 
tu  fix  the  point  uf  maximum  detidty  withiu  a  ({uortctr  of  i 
Centigrade  degree  ;  nor  is  this  important,  siuco  the  robune  of 
water  docs  not  vary  perceptibly  for  a  degree  on  either  »id«  uf 
this  point. 

Fig,  38ti  givos  a  graphic  delineation  of  the  expansion  of 
between  — 1°  and  +12",  according  to  tJie  inelbod  of  analj 


^ 


geometry.  The  curve  drawn  with  a  heavy  line  has  been  plotted 
from  the  results  of  Pliieker  atid  Gcisslor,  and  that  with  a  liglit 
line  from  those  of  Despretz.  The  abscissae  of  the  cunros  j 
t\ia  dejrruu!!  of  temperature,  and  the  ordiuates  are  the  auiouirf 
expansion,  —  the  unmbcr  on  the  vertical  axis  being  la  oochi 


525 


^HemiUi;  milliontlis  of  the  volume  at  0°.  It  vill  be  noticed  tlial 
^Hb  two  brarirlies  of  tlio  curve  on  cither  side  of  tho  abscissa  of 
^^Klaro  similar,  showing,  as  Btatcd  above,  that  the  cxpuasion 
^^■ffcascs  at  tlic  same  rate  from  the  poiut  of  maximum  density, 
^^■etlicr  the  water  lie  heated  or  cooled. 

^^KTbis  provision  in  the  constitution  of  water,  that  its  poijit  of 

^^Bximum  density  is  four  decrees  above  tho  freezing-point,  is  one 

^^B  great  importance  in  the  economy  of  nature  ;  for  were  it  not 

^^fr  this  apparent  exception  to  an  otlierwise  universal  law,  all  tlie 

^Bpds  and  lakes  of  our  northern  climates  would  bo  converted 

^^pery  winter  into  a  solid  mass  of  ice.     It  must  be  remembered, 

that  all  iiqnidx  are  poor  conductors  of  heat,  and  tliat  they  can 

tmly  be  heated  or  cooled  by  a  circulation  of  their  particles,  by 

which  each  in  its  turn  is  brought  in  coutact  with  some  hot  or 

^Bbld  Eurfaco.     Hence  we  cannot  cool  a  liquid  by  removing  the 

^^Bst  from  below.     The  lowest  stratum  of  liquids,  it  is   true, 

^Hldily  yields  its  heat ;  hut  since  its  density  is  thus  increased,  it 

^^noains  persistently  at  the  bottom,  and  then  its  poor  conducting 

^^nrer  comes  into  play,  and  prevents  the  escape  of  tbo  heat  from 

^Ke  great  mass  of  tho  liquid  al)ove.     ^^'e  can  easily,  however, 

cool  a  liquid  Ity  removing  the  heat  from  tho  upper  surface,  for 

then  tho  particles  of  liquid  sink  as  fast  as  they  are  cooled,  until 

the  whole  mass  is  reduced  to  a  uniform  temperature. 

ch  n  circulation  as  this  takes  place  in  every  pond  us  the 

inter's  cold  nicreasea,  and  continues  nntil  the  temperature  of 

I  mass  of  water  has  been  reduced  to  4° ;  but  as  the  tempcra- 

r  approaches  the  point  of  maximum  density,  the  circulation 

Jtens,  and  is  entirely  arrested  when  that  point  is  fully  reached. 

B  surface  water  cools  still  lower,  and  finally  freezes  ;  but  then 

s  ice,  being  a  poor  conductor  of  heat,  and  floating  on  tho  sur^ 

K,  serves  as  a  cloak  to  the  pond,  so  that  during  tho  coldest 

r  a  thermometer  will  always  indicato  a  temperature  of  4' 

ink  only  a  few  feet  below  tlie  ice. 

Wr  liad  been  constituted  like  other  liquids,  tlie  circular 

t  described  would  have  continued  down  to  the  freoxing- 

bt,  and  the  ice,  being  now  heavier  than  Uie  water,  would  have 

t  fonnod  at  the  bottom  of  the  pond,  and  gradually  acciunu- 

1  until  the  whole  mass  of  water  was  frozen.     On  such  a  body 

B  the  hottest  summers  would  have  produced  but  little  effect ; 

«r  during  tlie  winter  the  water  iroezcs  only  to  the  dc] 
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of  a  few  feet,  so  flien  during  the  summer  tlie  ice  would  onlf  bm 
melted  on  the  surface.  Thus  it  is  that  tlie  order  of  creation  de- 
pends on  an  apparent  exception  to  a  general  law,  so  alight  and  to 
limited  in  its  extent  that  it  can  only  be  detected  by  the  most 
refined  experiments, 

A  point  of  maximum  density  has  not  been  obserred  with  ee^ 
tainty  in  any  liquid  except  water ;  but,  neverdioless,  it  is  possible 
tliat  such  a  point  may  exist  in  a  few  melted  metals,  such  as  east- 
iron,  antimony,  and  bismuth,  which,  like  water,  expand  on  becom- 
ing solid.  These  substances,  however,  are  liquid  only  at  hi^ 
temperatures,  at  which  it  is  impossible  to  make  accurate  meu- 
uremcnts.  On  the  other  hand,  ii  has  been  proved  in  the  case  of 
many  liquids,  which,  like  olive-oiL^  contract  on  aolidifyiag,  ftst 
there  is  no  point  of  maximum  density. 

Despretz  has  carefully  studied  *  the  efiect  of  salts  dissolved  in 
water  on  its  point  of  maximum  density.  He  foimd,  in  geneiil, 
tliat  aqueous  solutions  have  a  point  of  maximum  density,  which 
may  be,  however,  below  the  normal  fireezing-poiut  of  the  solulioii 
when  the  quantity  of  salt  dissolved  is  considerable.  The  point 
of  maximum  density  sinks  very  nearly  in  proportion  to  the  qusih 
tity  of  salt  dissolved,  and  more  rapidly  than  the  freezing-point, 
so  as  finally  to  fall  below  it  (271).  A  table  will  be  found  in  the 
memoir  just  referred  to,  giving  the  point  of  maximum  densi^, 
as  well  as  the  freezing-point,  in  solutions  of  various  salts  at  dif> 
ferent  degrees  of  concentration. 

(259.)  Volume  of  Water  at  different  Temperatures.  —  Several 
experimenters,  but  especially  Despretz,  Pierre,  and  Kopp,  have 
determined  the  volume  of  the  same  quantity  of  water  at  difler- 
ent  temperatures  between  — 15**  and  100"* ;  and  then,  by  means 
of  interpolation  formulae,  calculated  the  volume  for  every  degree 
between  these  limits.  The  volumes  and  corresponding  specific 
gravities,  as  thus  calculated  by  Kopp,  are  given  in  Table  XVI. 
As  already  stated,  it  is  impossible  to  express  the  volume  of 
water  at  all  temperatures  by  any  single  formula ;  but  the  fol- 
lowing formula)  will  give  the  volume  very  closely  over  an  ior 
terval  of  twenty-five  degrees.  The  first  of  these  was  calculated 
by  Fraukenhcim  &om  Pierre's  experiments,  the  rest  are  bj 
Kopp. 

*  Comptes  Bendns,  Tom.  IV.  p.^4S5. 


-15*  and  0', 

r^l  —  O.OOOOiH17(  -f  O.OOOOOI4-19(^  —  0.0OO0iX)5985(». 
»  0"  nnd  25", 
r=  1  —  0.00006I045(  +  0.0000077183('  —  0.0000000373  4  (• 

I  25'  and  50', 

r=  1  —  O.O0O0G54I5(  -f  0.00O0O"7587(*  —  O.OtlOOOOOSJWSf'. 
Bt'iiroMi  50*  and  75°, 

r=  1  +  0.00005!I1G(  4-  0.0000031849 (5  +  0.000000007284a (*. 
Benreen  7J*  and  100°, 

r=  1  -f  e.OOO«8G45(  +  0.0000031 802 (*  +  0.0000000024487 r*. 

\  (200.)  Tke  Coe^cienl  of  Expansion  of  Water.  — Wo  have 
iumed  ttiat  the  coefficient  or  e.\piiusion  of  a  EiibtiULnce  at  any 
Utcd  Iciujici-ature,  /,  is  tlie  Email  fraction  of  \t&  voliiniG  \>y  wliicli 
B  cubic  ceiitiraetre  of  the  Bubstance  will  increase  when  lieated 
n  f  to  (f  -}- 1)°  ;  and  this  aesuiuption  is  sufficiently  correct  in 
0  case  of  most  substunces,  for  wo  may  regard  tlic  rate  of  expaii- 
n  as  constant  tltrough  one  degree.  The  coefficient  of  expan- 
I  of  water,  howcYcr,  increases  so  rapidly,  that  ve  cannot 
^tlioiit  errur  regard  it  as  absolutely  the  »ame  even  for  one 
;  and  we  must  therefore  define  the  coefficient  of  water 
I'luiy  ^vcn  temperature,  f,  as  Uic  small  fraction  of  its  volume 
|r  which  one  cubic  centimetre  would  expand,  when  Itealed  from 
t  to(<  +  V)°t  if  ^"'  '■^t^  ^^  expansion  were  tlic  eame  during  tlio 

lerval  that  it  is  at  t". 
[  'W'o  easily  obtain  from  [1G6],  for  the  value  of  the  coefficient  of 
msiou  at  any  given  temperature,  2,  the  value 


K  = 


V~V  . 


[182.] 


in  wlrich  V  is  the  Toiume  of  the  liquid  at  a  given  temperature,  t, 
and  V'  the  volume  at  a  temperature,  t',  a  few  degrees  higher. 
This  formula,  like  our  first  definition,  assumes  that  tlie  coefficient 
is  constant  between  /  and  ('  degrees.  We  may  eridenlly,  how- 
ercr,  conform  tlie  formnla  to  tl>o  definition  just  given,  by  making 
s  inler^'al  of  temperature  /'  —  (  infinitely  small.  It  may  then 
b  RzprcaBed  by  d  I,  and  tho  corresponding  di&ercnce  of  volume, 
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or  V'  —  F,  will  he  d  V.     Making  these  substitutions,  [182] 
becomes 

Since  now  we  can  easily  obtain  the  value  of  -jr-   by   difiereo- 

tiating  one  or  the  other  of  the  values  of  V  on  page  527,  we  out 
easily  calculate  the  coefficient  of  expansion  of  water  at  any  given 
temperature,  by  simply  dividing  this  differential  coefficient  by  tiie 
value  of  V  for  the  given  temperature,  calculated  by  means  of  the 
formulso  just  referred  to.  Such  calculations  would  show  that 
the  coefficient  of  expansion  of  water  varies  from  zero  at  the 
point  of  maximum  density  to  0.00076487  at  100'',  the  rate  of 
expansion  increasing  far  more  rapidly  than  that  of  any  other 
liquid  known. 

Esqfansion  of  Gases. 

(261.)  The  differences  between  the  amounts  of  expansion  of 
different  gases  for  the  same  increase  of  temperature  are  far  leas 
than  with  either  liquids  or  solids ;  indeed,  they  are  so  small,  that, 
previous  to  the  refined  investigations  of  Regnault  on  this  sub> 
ject,  the  coefficient  of  expansion  of  all  gases  was  supposed  to  be 
absolutely  the  same.  The  annexed  table  gives  the  results  of 
Regnault's  determinations  of  the  coefficients  of  expansion  of  t 
few  of  the  best-known  gases  ;  and  it  will  be  noticed  that  the 
coefficients  of  the  first  four,  which  have  not  yet  been  condensed 
to  liquids,  are  all  sensibly  the  same,  while  the  coefficients  of  the 
last  three,  all  condensible  gases,  are  considerably  greater,  and 
the  greater  in  proportion  to  the  readiness  with  which  they  may  be 
condensed. 


Undor  Undtr 

Oooftent  VolaoM. 


Coeffieienti 


Air, 0.003665  0.003670 

Nitrogen,    ....  0.003668  0.003670 

Hydrogen,      ....  0.003667  0.003661 

Oxide  of  Carbon,        .        .  0.003667  0.003669 

Carbonic  Add,        .        .         .  0.003688  0.003710 

Cyanogen,  ....  0.003829  0.003877 

Sulphurous  Add,   •        .        .  0.003845  0.003903 
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The  first  ftrnr  coefficients,  those  of  the  constituents  of  air  and 
water,  niaj  bo  regarded  as  identical,  at  least  I'or  all  practical 
purpofies  ;  and  if  conBidcred  equal  to  0.0036ti0+,  tlio  expansion 
for  one  hundred  degrees  will  be  represented  by  the  vulgar  frac- 
tion Ji,  which  can  be  easily  rememl»ered.  In  like  manner,  the 
expansion  for  one  degree  may  lie  represented  very  closely  by  tha 
rnlgar  fraction  jf  3.  Houco  -73  cm.'  of  any  permanent  gas  at 
0°  become  274  e,  m'.'  at  1° ;  and  if  we  assume  that  the  expansion 
is  exactly  proportional  to  the  temperature,  they  will  become 
(273  +  /)  cTiii.'  at  l".  Moreover,  representing  by  V  any  volume 
of  a  permanent  gas  at  0°,  we  shall  have  by  [Ititijj  for  tlie  volume 
at  t°,  tho  expression, 

T'  =  F  (1  +  0.00366  0-  [IS-t-] 

Tlie  values  of  (1  +  0.0036ti  /)  for  every  tenth  of  a  degree  from 
— 2°  to  40°,  with  their  corresponding  logaritlims,  are  given  in 
Tables  XI.  and   XII.  for  convenience  of  computation. 

The  coefficient  of  expansion  of  a  gas  may  bo  estimated  in  two 
ways.  In  the  first  place,  we  may  measure  the  increase  of  volume 
which  the  gas  undergoes,  supposing  the  pressure  on  the  gas  to 
remain  constant  while  the  volume  expands ;  or,  in  the  second 
place,  keeping  the  volume  the  same,  we  can  measure  the  in- 
creased tension  which  tho  gas  exerts  owing  to  the  increased 
temperature  ;  and  we  can  then  calculate  by  [98]  what  would 
have  been  the  increased  volume  had  the  gas  been  allowed  to 
expand.  The  difference  between  these  two  methods  will  be  better 
understood  by  experimental  illustration. 

In  Fig.  387,  B  is  a  glass  globe 
holding  from  1,000  to  800  cTS.* 
of  perfectly  dry  gas,  whose  coeffi- 
cient of  expansion  is  to  he  meas- 
ured. This  globe  is  filled  by 
exhausting  the  air  by  means  of 
an  air-pump,  connected  by  a  fiex- 
ibte  hose  with  the  tube  p,  and 
then  allowing  the  gas  to  enter 
through  tubes  filled  with  pumice- 
stone,  moistened  with  sulphuric 
acid,  or  with  chloride  of  calcium, 
two  substances  which  have  a  very  strong  attraction  for  water  (see 
45 


I 
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Fig.  888).  The  exhaustion  is  repeated,  and  fresh  gas  admitted, 
twenty  or  thirty  times,  until  the  gas  in  the  globe  and  the  odd- 
necting  tubes  is  known  to  be  pure  and  dry.  The  connectioa 
between  the  globe  and  the  pump  is  now  closed  by  taming  a 
three-way  stopcock  at  a,  leaving,  however,  the  oonnection  be- 
tween the  globe  and  the  manometer-tube  afi  y  still  open.  The 
construction  of  this  manometer  has  already  been  described 
(168,  2).  When  the  apparatus  has  been  thus  filled  with  a 
gas,  the  coefficient  of  expansion  may  be  readily  determined  bj 
either  of  the  two  methods  just  mentioned. 

First  Method.  We  begin  the  determination  by  surrounding 
the  globe,  supported  in  a  copper  boiler,  as  represented  in  tiic 
figure,  with  pounded  ice,  so  as  to  reduce  the  temperature  of  the 
enclosed  gas  to  0"*.  Wo  then  regulate  tlio  quantity  of  mercury 
in  the  manometer  so  that  the  columns  in  the  two  tubes  shall 
stand  at  the  same  height,  as,  for  example,  a,  which  is  carefuUj 
noted.  This  is  readily  effected  by  either  drawing  out  mercury  at 
the  lower  stopcock,  or  by  pouring  it  in  at  the  mouth  of  the  open 
tube.  When  the  adjustment  is  perfect,  we  build  a  fire  under  the 
copper  boiler  and  surroimd  the  globe  with  steam,  by  which  the 
temperature  of  the  gas  is  soon  raised  to  100''.  The  increased 
elasticity  of  the  gas  duo  to  the  increased  temperature  will  drive 
out  a  portion  into  the  manometer-tube,  forcing  down  Uie  mercury- 
column.  A  quantity  of  mercury  is  now  drawn  off  at  the  lower 
stopcock,  until  the  columns  in  the  two  tubes  again  stand  at  the 
same  level.  When  this  is  the  case,  the  gas  is  exposed  to  the 
same  pressure  as  before,  and  we  then  read  off  the  increased 
volume  by  means  of  graduations  on  the  tube  provided  for  the 
purpose. 

Let  us  represent  the  observed  increase  of  volume  in  this  experiment 
by  V,  and  let  us  assume  that  the  pressure  of  the  atmosphere,  as  indi- 
cated by  the  barometer,  remained  constant  at  7G  c.  m.  during  the  ex- 
periment If  now  we  represent  the  volume  of  air  in  the  globe  at  0^  by 
Vy  it  is  evident  that,  if  heated  so  that  it  could  expand  freely,  this  volume 
would  become  at  100®,  K  (1  -j-  A"  100) ;  an  expression  in  which  A*  is  the 
coefficient  of  expansion  required.  In  the  apparatus  before  us,  however, 
the  excess  of  gas  due  to  the  expansion  escapes  into  the  tube  da  fly  where 
it  is  exposed  to  a  much  lower  temperature.  Call  this  temperature,  which 
is  always  carefully  observed,  f*.  The  volume  of  this  small  amount  of  g&s 
had  its  temperature  been  m^ntained  at  100®,  would  evidently  have  been 
V  (1-|-A[100  —  ^J),  so  that  we  have  the  equation 
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r(i+jrioo)=  v+v(i  +  kiioo—tj)       [i85.] 

It  must  be  remembered,  bowever,  that  the  glass  globe  expands  as  well  as 
the  gas,  and  therefore  contains  at  100^  a  larger  volume  of  gas  than  at  0^. 
This  increased  volume  can  be  readilj  calculated  from  the  coefficient  of 
expansion  of  glass  (K%  and  is  K  (1  -f  ^'  1^)-  Substituting  this  valae 
fer  Fin  the  second  member  of  [185],  we  obtain 

F(l+JriOO)=  r(l+A''100)  +  r(l+A'[100  — r]); 

which  gives,  for  the  coefficient  of  expansion  of  gas  under  constant  pres- 
sure, the  value 

Second  Method.  In  order  to  determine  the  cocflicicnt  of  ex- 
pansion by  the  second  method,  we  arrange  the  apparatus  exactly 
as  before,  so  that  the  mercury  stands  at  the  same  level  (a,  Fig. 
887)  in  both  tubes  of  the  manometer  when  the  globe  is  sur- 
rounded by  ice.  We  then,  as  before,  raise  the  temperature  of 
the  globe  to  100^ ;  but  instead  of  allowing  the  gas  to  expand  into 
the  tube  daa^we  pour  mercury  into  the  tube  fi  y^  in  order  to 
balance  the  increased  tension  of  the  gas  and  retain  the  volume 
constant.  Lastly,  we  carefully  measure,  by  means  of  a  cathe- 
tometer,  the  difference  of  height  (a,  y)  of  the  mercury  columns 
in  the  two  tubes  of  the  manometer ;  and,  having  observed  the 
temperature  of  the  apparatus,  reduce  the  observed  height  to 
what  it  would  have  been  at  0**.  Represent  this  height  by  h^. 
Knowing  now  the  volume  of  the  globe  at  0**  (F),  the  height  of 
the  barometer  at  the  time  of  the  experiment  (^),  and  the  co- 
eflScient  of  expansion  of  glass  (IT'),  we  have  all  the  data  required 
for  calculating  the  coefficient  of  expansion  of  air. 

When  the  globe  was  at'O^,  the  gas  was  exposed  to  the  pressure  of  the 
almospbere,  or  H^ ;  but  af^er  the  globe  had  been  heated  to  100^,  the  pres- 
sure xeqoired  to  retain  the  volume  of  the  gas  the  same  as  before  was 
B^'\-h^  We  can  now  easily  calculate  from  Mariotte's  law  [98]  what 
would  be  the  volume  of  this  gas  if  exposed  only  to  the  pressure  d[  the 
atmosphere ;  in  other  words,  if  allowed  to  expand  freely.  It  will  be  found 
to  be 

V  =  r^+-^.  [187.] 

But  bj  [166]  the  increased  volume  of  the  gas  at  100°,  or  F',  is  also  equal 
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to  F  (1  +  JTIOO),  80  that  r  (1  +  JT 100)  =  r^  +  *'.     We  mnt 

remember,  however,  that  although  the  volume  of  the  gas  has  been  spfi^ 
entlj  kept  constant  during  the  experiment,  it  has  not  been  so  in  letfitj, 
owing  to  the  expansion  of  the  glass  globe.  In  consequence  of  this  expsi- 
sion,  the  volume  of  the  globe  at  100*  is  V(l  +  JT'  100)  ;  and  thu  viloe 
should  evidently  be  substituted  for  V  in  the  second  member  of  the  hit 
equation.    Making  this  substitution,  we  obtain 

1  +  ^ioo=(i+A^' 100)  ;^±^  ; 

A-_A-/    I     ^       l  +  JT'lOO  *  r-^, 

K-K  +  « -^- [188.] 


whence 


In  this  example,  as  in  the  last,  we  have  assumed  that  the  pressure  of 
the  atmosphere  was  constant  during  the  experiment  When  this  is  not 
the  case,  certain  obvious  changes  must  be  made  in  the  formahe.  Mok- 
over,  in  the  practical  application  of  these  methods,  certain  precaatioos 
must  be  taken,  which  will  be  found  described  at  length  in  Regnanlt*! 
original  memoir*  on  the  subject,  as  well  as  the  peculiar  modificatioos  rf 
the  apparatus  best  adapted  for  each  method. 

(262.)  General  Results  — Regnault  found  that  the  two  meth- 
ods just  described  for  determining  the  coefiicient  of  expansion  of 
gases  yielded  slightly  different  results.  This  will  be  seen  by  re- 
curring to  the  table  on  page  528.  The  first  column  gives  the 
coefficient  as  determined  from  the  increased  elasticity,  the  volume 
remaining  constant.  The  second  colunm  gives  the  coefficient  as 
determuied  from  the  increased  volume,  the  pressure  remaining 
constant.  It  will  be  noticed  that  tlie  difference  between  the 
two  results,  although  very  small  with  the  permanent  gases,  is 
quite  large  with  those  that  can  be  easily  reduced  to  the  liquid 
state ,  and  it  will  be  remembered  that  it  is  these  very  gases  which 
yield  most  readily  to  compression,  and  hence  deviate  most  mark- 
edly from  the  law  of  Mariotte.  Moreover,  the  fact  that,  with  the 
exception  of  hydrogen,  the  coefficients  under  constant  volume 
are  less  than  those  under  constant  pressure,  is  easily  explained. 
In  the  method  employed,  the  gases  are  exposed  to  a  greater 
pressure  at  100^  than  at  O"*  By  this  pressure  they  are  con- 
densed more  than  we  assumed  by  applying  the  law  of  Mariotte 
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far  enlculation  as  if  it  were  exact,  and  consequently  tlie  etToct 

s  iucreused  tempcratun!  is  raallj  greater  than  appears.     In 

'  words,  the   mcrcur^-coluiuii  A,  mcasitres,  not  siniplr  tlic 

1  Ictidon  of  the  gas  caused  hy  tlie  increased  temperatiire, 

|tii(!  diETereiice  Itetwcca  tlie  increased   teofiion  and  the  iii- 

1  compressibility.     In  tlie  case  of  liydrugon,  which,  unlike 

Lher  gases,  is  compressed  less  than  tlio  law  of  Uariotte  ro- 

,  tlie  rariatiua   is   ia   tlie  opposite  direction.     (Gomparo 

nault  also  discovered,  vhat  indeed  might  be  Inferred  from 

Ffocts  already  stated,  that  tlie  coeflicicnt^  of  expansion  of  all 

■  except  liydrt^eu  increase  with  tlic  pressure  to  which  they 

Icxposod.     The  greater  llie  pressure  on  a  mass  of  gas,  and 

I  (be  greater  its  density,  tlic  greater  is  the  amount  of  its 

Uision  for  the  same  diftereuce  of  teaiperature ;  and,  on  the 

r  hand,  the  less  Uie  pressure  and  density,  the  smaller  the 

nnt  of  expansion.     The  coefHcient  of  expansion  in  any  ease 

s  witli  the  pressure  in  proportion  as  the  compressibility 

a  gas  denotes  from  the  law  of  Marlotte,  and  hence  the  dif- 

s  between  the  coefficients  of  different  gases  are  tlie  more 

1  Uio  greater  the  pressure  to  which  tlie  gases  are  ei^xtsed. 

lie  other  hand,  as  the  pressure  diminishes,  the  coefficients  of 

Mon  of  diflerent  gases  approach  equality;  and  it  is  probable, 

hfore,  that  all  gases  in  the  state  of  extreme  exjmjision  woold 

■  tlio  same  coefficient.     (Compare  page  297.) 

I  appears,  therefore,  that  all  gases  have  the  same  coefficient  of 

siou,  in  80  far  as  they  obey  the  law  of  Mariottc.     In  the 

■  of  those  gases  which  have  not  been  liquefied,  and  which  con- 

k  very  closely  to  Marlotte 's  law,  the  coefficients  of  expansion 

■  ibe  pressure  of  the  atmosphere  are  sensibly  cquul,  and 

\  ia  the  case  of  the  condensible  gases  tlie  differences   are 

V email,  amounting  in  no  case  to  more  than  three  uuita  in  the 

I  decimal  figure.     We  may  therefore  say  that  the  cocffi- 

t  of  expansion  of  all  gases  under  the  pressure  of  tlie  aLmos- 

B  is  equal  to  0.0036,  within  three  tcu-thousandtlis. 

!63.)  Air-Thermometer.- — We  have  seen  that   the  defects 

I  mercury-tliermometer  arise  from  two  causes  ;   first,  the 

By  increasing  rate  of  expansion  of  mercury  as  the  t4.>mpcra- 

Irises,  and,  secondly,  the  irregular  and  uncertain  expansion 

B  glass  bulb.     Both  of  timsc  dcfcctt)  may  he  avoided  by  using 

46- 
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air  as  the  tltcrmometric  material :  tlie  first,  because  the  expag- 
non  of  air  is  exactly  proportional  to  the  twmponiturc  ;  aiiii  U« 
second,  because  the  expansion  of  air  is  so  much  greater  than  tint 
of  glass  that  the  irregularities  in  the  'Cxpausion  of  the  latia 
may  he  overlooked.  It  is,  however,  hy  no  means  so  easy  to  mean- 
ure  the  volume  of  a  gas  as  that  of  a  liquid.  The  volume  of  i 
liquid  is  not  afTected  hy  the  chaiifriug  pressure  of  the  atmof- 
phcre,  while  tliat  of  a  gas  is ;  so  tliat  while  a  small  incrcoxe  u 
the  volume  of  a  quantity  of  mercury  encloeed  in  a  conititaii  tiio- 
mometer  can  be  measured  by  tlie  mere  itispecUoa  of  the  diri»- 
ions  on  the  stem,  the  amount  of  expansion  of  a  quantity  of  air 
confiued  in  a  glass  bulb,  although  much  larger,  can  oidy  I* 
determined  with  certainty  by  a  tedious  process,  occupying  ser- 
eral  hours.  Thus,  although  with  an  air-tlicrmometer  we  cu 
measure  temperatures  with  accuracy  to  tho  huudredth  of  a  Ceol^ 
grade  degree,  yet  it  requires  a  day  to  mako  a  single  obeervatiaa. 
The  air-thermometer  is,  therefore,  of  no  use,  except  in  tlio  fe» 
cases  which  require  the  very  highest  degree  of  scientific  preciiioji. 
In  such  cases  it  is  an  invaluable  instrnment ;  but  even  then,  u 
in  all  other  scientific  measurements,  the  greatest  attainable  acco- 
racy  can  only  bo  gained  at  the  cost  of  time,  labor,  and  skilL 


(264.)  ReffnauH's  Air-Thfrmometer.  —  Th&iar-ihta 
which  is  used  only  in  delicate  measurements  of  tempontore,*! 
represented  in  Figs,  388  and  389.     It  consists  of  a  cyltndrinl 
reservoir  of  glass,  B,  opcuiug  iuto  a  capillary  tulw  Wat  at  i 
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nglf^s  and  drawn  out  to  a  fine  [>oiiit.    In  order  to  estimate  tcm- 

Kruliiros  witli  this  instrument,  it  is  {ireit  filled  by  means  of  an 

r-pump  and  drying-tubes,  as  hIiowo  in  Fig.  388,  witii  perfectly 

f  air,  and  then  exposed  to  the  temperature  to  be  measured, 

|r1iicli  wc  will  cull  T°.     When  an  eciuilibrium  of  temperature 

I     liae  been  established  between  the  thermometer  and  the  heated 

Bubslanco,   the   fine    opening    is   closed 

with  u  blowpipe,  and  at  the  same  time 

tlie   height  of  the  barometer  is   noted, 

-which  we  will  call  11^.     The  air  in  the 

^Uiermometer   is   now   expanded    to   the 

^Hstent  corresponding  to  T",  and  the  next 

^Bep  is  to  ascertain  the  amoimt  of  this 

^KEpansion,  since  we  can  easily  calculate 

'     from  Uiis  the  temperature  T*.     For  this 

purpose,  we  place  the  thermometer  upon 

lie  metallic  support  represented  in  Fig. 

The  reservoir  of  the  thermomoHr 

a  upon  three  brass  knobs,  and  is  kept 

^its  place  by  means  of  a  binding  screw. 

^o   tube    of    the    thermometer   passes 

rough   a  hole   ia   the   centre   of    the 

1  stage  A,  and  the  end  dips  under 

lercury  contained  in  the  glass  dish  C. 

MO  bent  end  of  the  tube  is  adjusted  opposite  to  an  iron  spoon,  a, 
pled  with  wax,  which  can  he  pushed  forward  on  its  support,  *, 
I  as  to  close  the  end  of  tlie  tuljo  while  under  mercury,  when 
»ssary.  These  adjustments  having  been  completed,  the  tip 
nd  of  the  tube  is  broken  oS*  with  a  puir  of  pliers,  when  the 
wrcury  immediately  rushes  up  into  the  thermometer  and  poi^ 
illy  fills  it.  The  thermometer  is  next  surrounded  wirh  pulver- 
1  ice,  which  is  piled  up  on  the  stage,  G ;  and  when  the  air  in 
i  reservoir  has  f;illon  to  0',  the  end  of  the  tube  a  is  carefully 
tugged  up  by  means  of  the  wax  in  the  iron  epoon,  and  at  the 
Same  time  the  height  of  the  barometer  (/?')  is  carefully  noted. 
The  ice  is  now  removed,  and  when  the  temperature  of  the  mer- 
cury iu  tlto  thermometer  has  been  restored  to  that  of  the  air,  the 
iglit  of  the  mercury  in  the  thermometer  above  that  in  the 
scrvoir  is  carefully  measurt'd.  We  will  call  it  li ,  and  henco 
B  air  in  tlie  thermometer,  at  the  moment  llio  tube  was  plugged 
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with  wax,  must  have  been  exposed  to  the  pressure  of  JET  —  A. 
This  measurement  is  easily  made  by  means  of  a  caihetometer 
and  the  screw  g^  in  the  manner  previously  explained  in  conneo- 
tion  with  Renault's  barometer  (159). 

It  is  next  necessary,  in  order  to  determine  the  temperature  to  wliid 
the  thermometer  has  been  exposed,  to  ascertain,  first,  the  volume  of  air 
remaining  in  the  thermometer  afler  contraction,  and,  secondly,  the  volimie 
originally  contained  in  it.  For  this  purpose,  the  thermometer  is  remoTed 
from  its  support  and  weighed  ;  call  this  weight  W.  The  thermometer  it 
then  filled  completely  with  mercury  at  0^  and  weighed ;  call  this  seoood 
weight  W.  Lastly,  it  is  completely  emptied,  and  the  glass  weighed  hj 
itself;  call  this  last  weight  w.  We  have  now  all  the  data  for  calculadng 
the  amount  of  expansion  of  the  air,  and  consequently  the  tempemtnra 
required.  Before  commencing  the  calculation,  we  must  reduce  the  ob> 
served  heights  of  the  barometer  (ZTand  H')  and  mercury-column  (A)  to 
(f  by  the  method  given  in  (251).  We  will  call  these  corrected  beighti 
J%,  H'^  Aq.    We  can  then  readily  calculate  the  following  quantities. 

W  — w  =,  weight  of  mercury  which  fills  the  thermometer  at  0®. 

=  capacity  of  thermometer  at  0®  when  d  =  Sp.  Gr.  of  mercury* 

— -z (1  -\-K'  T)  :=z  capacity  of  thermometer  at  7^,  when  JT'  =  co- 
efficient of  expansion  of  glass. 

W  —  M7  =  weight  of  mercury  which  entered  the  thermometer  on  break- 
ing the  tip,  the  temperature  of  the  thermometer  being  0**. 

— HI—  =  volume  of  mercury  which  entered  the  thermometer  on  break- 
ing the  tip,  the  temperature  of  the  thermometer  being  0*. 

j^t jy 

=  volume  of  air  in  the  thermometer  at  the  moment  of  plugging 

with  wax,  exposed  to  a  pressure  H'q  —  Ag  and  to  a  tem- 
perature of  0®. 


W'—W    Ho—K 


=  volume  which  same  air  would  have  under  7G  cm. 


^  ^^  and  0'. 

nr/ jj^     jji  ^ 

—  •  — \j — ?  (1  -f-  -^  ^)  =  volume  which  same  air  would  have 

"  under  ^gcm.  and  7^. 

By  the  conditions  of  the  problem,  this  volume  of  air  just  filled  the  ther- 
mometer at  T"^  and  under  barometric  pressure  H^\  hence 

ZjpZ.  E^-^iyJi^KT)  =  Zlziif  (1  +  ii:/ D  =  the  capad- 
ty  of  thermometer  at  2^ ; 
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Put  WW  M'         h 

m  =  ^^^^^    .    ^"^  ""S    and    ir=  0.00367;    [190.] 


and  we  have 


By  means  of  [189]  and  [190]  we  can  easily  calculate  the  temperature 
from  the  experimental  data.  The  coefficient  of  expansion  of  glass  is  the 
only  uncertain  element  which  enters  into  the  calculation.  When  the  tlier- 
mometen  are  made  of  the  common  crown-glass  of  Paris,  the  coeificientB 
of  expansion  may  be  taken  from  the  table  on  page  497,  estimating  roughly 
the  reqoired  temperature,  as  can  easily  be  done  by  means  of  a  common 
mereory-tbermometer.  When,  however,  such  thermometers  cannot  be 
obtained,  H  is  best  to  have  a  number  made  from  the  same  pot  of  glass, 
and  ascertain  carefully  the  coefficient  of  expansion  of  this  glass  between 
0*  and  every  fifty  degrees  up  to  350**.  These  coefficients  can  afterwards 
be  used  in  all  experiments  with  the  same  set  of  thermometers. 

(265.)  By  substituting  T  for  100,  we  can  easily  obtain  from 
[186]  and  [188],  by  transposition,  the  value  of  T  in  tenns  of  the 
coefficient  of  expansion  of  air ;  and  since  this  coefficient  is  accu- 
rately known,  either  of  the  methods  of  (261)  may  be  used  for 
determining  temperature.  The  form  which  has  been  given  by 
Begnault  to  the  manometric  apparatus,  when  used  for  this  pur- 
pose, has  already  been  represented  in  Fig.  273.  The  glass  tulio 
abc^  which  serves  as  an  air-thermometer,  is  closed  by  a  sto|H;fx;k 
r,  and  can  be  connected  to  the  manometer  by  a  brass  collar  of 
peculiar  construction,  as  before  descril>ed  (see  Figs.  274  and  ^To). 
The  air-thermometer  having  been  exposed  to  the  temperature  to 
be  measured,  the  stopcock  r  having  Ijcen  closed  at  the  moment  of 
obeenration,  and  the  height  of  the  barometer  noted,  we  can  easily 
determine  the  temperature  in  the  following  way. 

In  the  first  place,  mercury  is  poured  into  the  manometer  at  K  until  the 
tobe  h  gf  is  completely  filled,  and  when  the  merrrury  l>fgin4  to  drop  frcmi 
the  open  end  aty^  tbe  air-thermomet/T  i.-^  ronm-rterl.  Th«  ilifrmomH^  is 
now  sorroanded  with  melting  ice  in  order  to  rHuce  if«  temfW'rature  to  (f^ 
and  before  the  stopcock  r  b  opene^L  a  quantity  of  mTfiiry  ia  drawn  out  of 
the  manometer  at  J?,  in  order  to  make  a  grf-at  difff  ren^e  of  k*rel  betw^i'^ 
the  two  colamna.  Od  opening  the  f^topoor-k  r,  a  [x/riffm  of  thr 
llie  IhenDometer  pastes  into  the'  tobe  gh ;  and  merniry  musC  I 
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poured  into  the  tube  h  i,  until  the  surface  of  the  oolamn  in  the  tube  gk 
coincides  exactly  with  a  mark,  Oy  on  the  side  of  the  tube.  The  deienni- 
nation  is  then  completed  by  measuring  with  a  cathetometer  the  difference 
of  level  of  the  two  mercury-columns,  noting  the  temperature  of  the  na- 
nometer by  means  of  the  thermometer  ^  and  observing  the  height  of  the 
barometer.  We  have  now  the  following  data  for  calculation,  the  heig^ 
of  tlie  mercury-columns  having  been  reduced  to  0** :  — 

H'q  =  height  of  barometer  at  the  moment  of  observing  the  temperature. 
H^  =  height  of  barometer  at  the  moment  of  measuring  the  difference  of 

level. 
^0   =  difference  of  level  as  measured  by  the  cathetometer. 

V  =  capacity  of  air-thermometer  at  0®. 

V  =  capacity  of  manometer-tube  between  y  and  the  mark  a. 

t     =  temperature  of  the  manometer  at  the  time  of  the  experiment 

T    =  required  temperature  to  which  the  thermometer  was  exposed. 

K    =  coefficient  of  expansion  of  glass. 

0.003  G7  =  coefficient  of  expansion  of  air. 

0.0012921  gram.  =  weight  of  one  cubic  centimetre  of  air  at  0*  and  76  cm. 

The  volume  of  air  in  the  air-thermometer  and  in  the  manometer-tube, 
when  the  value  A©  was  measured,  was  evidently  V-\-v  ;  the  portion  Fat 
the  temperature  of  0**,  the  portion  v  at  ^,  and  the  whole  under  a  pres- 
sure Ho  —  ho  [106].  Reducing  by  [166]  the  volume  v  to  what  it  would 
be  at  0®,  and  reducing  by  [107]  the  sura  of  the  volumes  at  0®  to  what 
this  total  volume  would  be  under  the  normal  pressure  of  the  atmosphere, 
we  easily  obtain  for  the  weight  of  this  mass  of  air, 

0.0012921   \v4-v  -,-_i___l  ^~--^. 
L     ~      1  + 0.00367  d       76 

But  we  know  that  this  same  mass  of  air  at  the  temperature  T  (that  is, 
at  the  moment  of  closing  the  stopcock  r),  and  under  the  pressure  H'^  (the 
height  of  the  barometer  at  the  time),  occupied  just  the  volume  of  the  air- 
thermometer  at  that  temperature,  or  V  {l-\-K  T).  Reducing  this  volume 
to  what  it  would  be  at  0®  and  76  c.  m.,  and  multiplying  this  reduced 
volume  by  the  weight  of  one  cubic  centimetre  of  air,  we  obtain  a  second 
expression  for  the  weight  of  the  given  mass  of  air,  which,  in  the  following 
equation,  is  put  equal  to  the  first :  — 

«-«<^»2921  V-^l^  f^'e  =  0.0012921  [f+.^-^-^_J  ^^, 

or  reducing 

l+KT       _ 


1+0.00367 


.r— L^+F  '  1+0.00367. J    w.    •    [^^-J 
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rms  of  the  eecond  member  of  thia  equation  are  known  quanlities 

and  r,  and  iLc^o  can  easily  be  obtained  iii  the  following  way. 

In  ibe  first  place, ne  fill  ihc  manomcler-tube  with  mercury, as  bufore, and 

llwn  slowljf,  by  iho  stopcock  Jl,  draw  off  the  mercury  into  a  tared   vessel 

Dntil  the  surface  of  the  column  coincides  with  ihc  mark  k.     Tlit;  weight 

of  this  mercury  divided  by  its  specific  gravity  [oG]  is  equal  lo  v.     We 

then  ultucli  the  air-thermometer  (the  stopcock  r  being  o|ieii),  and  observe 

the  height  of  the  barometer,  Jf^.     Since  the  mercury  is  at  iliu  «ame  level 

B  both  lut>C3  of  the  manometer,  the  confined  vohime  of  air  (  !'-{-  i')  u  of 

inne  exposed  to  the  pressure  I/,.     We  next  draw  off  more  mercury 

I  fi  until  the  the  lercl  of  the  column  in  the  tube  h  g  sinks  lo  a  second 

The  weight  of  litis  mass  of  mercury  divided  by  hi  speeifio 

Bkvity  gives  the  volume  of  the  tube  between  a  and  €,  which  we  will  call 

Lastly,  we  measure  the  difference  of  level  of  the  mercury-columns  in 

e  two  tubes  of  the  manometer,  which  we  will  cull  h^     At  (liis  moment 

I  Tolume  of  the  confined  air  is    J'-|-r-|-r',  and,  assuming  that  the 

ight  of  the  barometer  has  not  changid  during  the  short  interval  oecu- 

d  by  the  espeiiment,  tliia  volume  is  exposed  to  the  pressure  If, — A*. 

e  values  T+w  and  K -|- " -j- '■''  are  then  the  Tolumea  of  the  same 

I  of  air  uuder  the  pressures  H^  and  If, — A,  respeciirely.     Hence, 

f+i-    _  H.—K 


and  from  this  cqunlion  we 
other  tenns  are  known. 


n  easily  deduce  the  value  of  I', 


[193.] 


^(260.)  Air-Pi/rometer. —  By  substituting  for  the  glass  ther- 
imeter  (^abc,  Pig.  273)  a  tbormomutcr  made  of  some  rofrac- 
y  eubgtaiicc,  ttio  apparatus  described  iti  the  last  sectiuii  may  bo 
UEod  for  measuring  very  high  temperatures.  Pouillet"  employed 
for  tlie  pur|K)so  a  small  globe  of  ptatitiutn  at  the  cud  of  a  long 
and  narrow  tubo  of  tlio  same  metal ;  but  a  thenuometer  made  of 
porcelain,  as  proposed  by  Kegimult,  would  bo  less  cspciniive,  and 
even  better  adapted  to  the  purpose.  In  the  uso  of  platinum 
there  is  a  liability  to  error  aiisitig  from  its  power  of  condensing 

its  surface  at  tbo  ordinary  temperature. 
P  (207.)    The  True  Temperature. — It  is  generally  admitted  that 
B  expansion  of  a  given  mass  of  air  under  constant  pressure  is 
tolutely  proportional  to  the  quantity  of  heat  it  receives.     If  so, 
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the  temperatures  given  by  the  air-thermometer  are  the  tme  teonf 
peraturcs  ;  but  although  this  assumption  is  highly  probable,  it  ii 
impossible,  in  the  present  state  of  our  knowledge,  fully  to  establish 
its  truth  by  experimental  proof.  Nevertheless,  the  temperatures 
given  by  the  air-thermometer  are  the  nearest  approach  we  can 
at  present  make  to  the  true  temperature,  and  it  is  important 
in  all  scientific  investigations  to  substitute  for  the  indications  of 
a  mercury-thermometer  the  corresponding  temperatures  of  the 
air-thcrniometer.  When  we  know  the  nature  of  the  glass  of  the 
mercury-thermometer,  we  can  readily  make  tlie  reduction  by 
means  of  Regnault*s  table  on  page  435 ;  but  since  the  expansion 
of  glass  is  always  more  or  less  uncertain,  it  is  always  best  to  use 
the  air-thermometer  in  observing  high  temperatures  if  great  accu- 
racy is  required. 

(268.)  Effects  and  Applications  of  the  Expansion  of  Air. -^ 
One  of  the  simplest  effects  of  the  expansion  of  air  is  seen  in  the 
action  of  a  stove  on  the  air  of  a  room.  The  particles  of  air  in 
contact  with  the  heated  iron  are  expanded,  and,  becoming  thus 
specifically  lighter,  rise  and  give  place  to  the  colder  particles 
which  flow  in  from  below.  Thus  a  circulation  is  established 
by  which  all  the  air  in  the  room  is  finally  brought  in  contact 
with  the  source  of  heat  and  warmed.  Were  the  air  visible,  the 
heated  air  would  be  seen  to  rise  from  the  stove,  spread  itself 
over  the  ceiling,  descend  along  the  walls,  and  flow  back  over  tlie 
floor  to  the  stove.  In  like  manner,  every  furnace-flue,  gas-light, 
or  candle,  and  every  human  body,  would  be  seen  to  be  the  centre 
of  an  ascending  column  of  heated  air  ;  indeed,  such  is  the  perfect 
freedom  of  motion  in  air,  that  a  single  lighted  candle  will  set  in 
motion  the  whole  atmosphere  of  a  quiet  apartment.  Similar  cur- 
rents are  established  whenever  a  door  is  opened  by  which  a  warm 
room  is  connected  with  a  cold  entry.  The  heated  and  lijrhter 
air  pours  out  from  the  room  at  the  top  of  the  door,  while  the 
colder  air  flows  in  over  the  door-sill.  The  flame  of  a  lighted 
candle  may  be  used  (as  represented  in  Fig.  390)  to  detect  the 
direction  of  the  currents.  A  current  of  air  may  always  be 
noticed  flowing  towards  the  sunny  side  of  a  building,  which 
supplies  the  current  rising  along  the  heated  wall.  But  by  far 
the  grandest  exhibition  of  this  aeriform  circulation  is  the  trade- 
winds.  These  are  caused  by  the  unequal  action  of  the  sun  on 
different   parts   of  the   earth's   surface.      At  the   equator,  tlio 
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Btroogly  bested  air  rises,  and  its  place  is  supplied  by  eoldor  air, 
which  floTS  ia  on  botli  sides  from  the  temperate  loiies ;  tlius 
currents  are  established  vliich  would  blov  directly  north  and 
south,  were  it  not  tliat  tlie  rota- 
tion of  the  globe  causes  them  to 
deviate  from  this  direction,  while 
other  and  local  causes  come  in  to 
produce  the  irregularities  which 
are  observed. 

The  effect  of  a  glass  chimney 
on  the  flame  of  a  candle  is  an- 
other illustration  of  tbo  action  of 
heat  in  expanding  sir.  By  the 
chimney,  the  heat  generated  by 
the  burning  combustible  is  con- 
fined within  tlie  glass  walls,  and 
consequently  tlie  air  surround- 
ing the  flame  becomes  more  in- 
tensely heated  tban  it  would  lie 

without  the  cliimney.  Moreover,  the  heated  lur  is  also  confined 
by  the  walls  of  the  chimney,  and  prevented  from  mixing  witli  tlie 
atmosphere,  thus  forming  a  column  of  lieated  air  whrmo  liRi^ht  is 
equal  to  tbe  beight  of  the  chimney.  This  column  ofairwill  evi- 
dently be  buoyed  up  by  a  force  e(|nal  to  the  differcti'^  b«twB«n 
die  pressure  of  the  air  at  the  Imttom  and  at  the  t»fi  'A  th(s  cylin- 
der, and  this  force  has  been  shown  (X^A  and  1;V>^  U*  I**  e>|iul  to 
tbe  we^t  of  a  column  of  the  p.xUmtrr  t^AA  air  t,f  tlie  Mimi  »re« 
and  height.  Hence  the  heate^l  air  will  rive,  fur  thn  mnw  rroiwrti 
that  a  balloon  rises,  and  with  a  vfHodty  ympifrtiftniOs  Ur  the  ex* 
cess  of  the  buoyancy  over  it*  ffwn  wHtrht.  Tli^  'ftittttitf  '4  tat 
pasflng  throng^  such  a  i-himn^y  in  a  frivm  timft  p^n  mvtily  l« 
calculated,  when  tb«  ar^  f,t  the  Mwti/>n  of  th^  Khimnffy,  aitd  tb« 
difieience  of  teiDpemnr«  h<tw««n  the  inner  and  (sxteriiw  air,  ar« 

The  drau^t  of  an  wdi.-iary  \fr^k  ttae  'n  rao*w)  in  the  ••»>« 
way  as  that  in  itwt  iria«  ".Uimnf^  ',i  x  Umjt,  Tri«  w^fl^it  r4  the 
fldumn  of  heated  em  C  I>  ff'^r.  Z(itf  i*  lew  than  thai  '4  tbe 
eafamm  of  exiimor  m  A  B.  anrt  be»M  there  remltn  an  ex'^ew  r4 
vpward  fnmuin  whvA  tr/p-x*  th<t  pr^/WtAi  tf  f/rnilmiUnn  n^  the 
dnmMy  tbe  mon  r^Mly  the  2r«a>t«r  dw  M^ 
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between  the  tvo  masses  of  gas.  A  good  draught  depends  on  the 
follomng  obvious  couditioDs :  —  1.  The  size  of  the  flae  elionld  be 
proportional  to  the  amount  of  gas  it  u 
required  to  carry ;  for  if  too  lai^ 
cold  currents  may  descend  in  the 
angles  of  the  flue,  vhile  a  heated  one 
ascends  in  the  axis.  2.  The  height 
of  the  cliimney  should  be  as  great  as 
possible  ;  for  the  greater  the  hei^t, 
the  greater  vill  be  the  excess  of  the 
upward  pressure  on  whicli  the  draught 
depends.  3.  The  room  with  wliicli 
the  flue  connects  should  not  be  m 
tight  that  air  cannot  enter  as  fast  u 
it  escapes  by  the  chinmcy.  4.  Any 
direct  communication  between  sepa> 
rate  flues  in  adjoining  rooms  should 
be  aToided,  because,  if  one  flue  draws  better  than  the  other,  a 
downward  current  may  be  established  in  the  lost. 

Still  another  application  of  the  ascensional  force  of  heated  air 
is  to  be  seen  in  the  hotrair  furuaccs  which  are  so  universally  used 
in  this  country  for  heating  buildings.  They 
usually  consist  of  a  brick  chamber  placed  in 
the  cellar,  connected  by  the  cold-air  box  with 
the  exterior  air,  and  communicating  by  tin 
tubes  witli  the  different  apartments  above. 
The  interior  of  this  brick  chamber  is  nearly 
filled  with  a  large  cast-iron  stove,  constructed 
of  various  patterns,  so  as  to  expose  a  large 
heating  surface  to  the  air  surrounding  it. 
This  heated  air  ascends,  in  virtue  of  its  buoy- 
ancy, through  the  tin  conducting-tubes,  and 
cold  air  is  pressed  in  from  the  outside  of  the  building  to  supply 
its  place.  A  furnace  of  this  kind  (Chilsou's)  is  represented  in 
Fig.  392,  -and  the  arrows  indicate  the  direction  of  the  currents 
of  air. 

The  ascensional  force  of  heated  air  is  not  only  applied  in 
warming  buildings,  but  it  is  also  used  for  producing  ventila- 
tion. One  of  the  best  arrangements  for  the  purpose,  which 
may  be  used  witli  great  efficiency  in  connection  with  a  hot-air 
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furnace,  is  represcntud  in  Fig.  393.  The  smoke-flue  of  tho  fur- 
nace, formed  by  a.  cast-iron  pipe  A,  rises  in  tho  centre  of  a 
large  briclc  shaft  B,  with  whieli  the  different  rooms 
of  the  building  connect.  The  radiant  heat  of  this 
iron  flue  heats  the  air  in  the  shaft,  and  thus  causes 
a  powerful  ascending  current,  which  draws  ia  tlio 
foul  air  from  the  room  at  tho  openings  D  and  D; 
wliile  at  the  same  time  fresh  air  enters  the  room 
from  the  furnace  to  take  the  place  of  that  which 
is  thus  removed. 

It  is  evident,  from  what  has  already  been 
stated,  that  a  lump  of  ice  sustained  near  the  top 
of  a  room  would  cause  a  descending  current  of 
air,  and  thus  give  rise  to  a  circulation  in  the  at- 
mosphere of  tho  apartment  similar  to  that  pro- 
duced by  a  stove.  This  principle  has  been  applied 
in  the  construction  of  refrigerators  for  preserving 
food  in  warm  weather.  One  of  these  (Winship's) 
is  represented  in  Figs.  394  and  395.  Tho  ice  is 
sustauied  upon  a  shelf  (i>  i))  in  the  upper  part 
of  a  chest,  tho  hollow  walls  of  which  are  filled 
with  pulverized  charcoal,  a  very  poor  conductor  of  beat.  The 
air  enters  at  a  register  (C),  and,  coming  in  contiict  with  the 
&  cooled  and  falls  to  the  bottom  of  tho  chest,  where  it  finds 


ress  at  E  between  the  hollow  walls,  and  finally  escapes  at  F. 
In  this  way  a  gentle  current  of  cold  air  is  steadily  maintained 
as  loug  as  the  ice  lasts. 
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PROBLEMS. 

JExpansian  of  Solids, 

311.  A  bar  of  iron  one  metre  long  at  0^  is  heated  to  15^ ;  what  k  Ik 
increased  length  of  the  bar  ? 

312.  A  bar  of  railway  iron  is  3.425  metres  long  at  20^ ;  what  wouli 
be  its  length  at  —10*  ? 

313.  In  laying  the  iron  rails  of  a  railroad,  it  is  necessary  to  make  an 
allowance  for  the  expansion  of  the  metal  by  heat  How  macfa  aUowanee 
is  necessary  on  a  distance  of  100  kilometres  ?  How  much  on  a  diaUnoe 
of  20  English  miles,  assuming  that  the  road  is  laid  at  a  temperature  of 
5*,  and  that  it  is  liable  to  be  exposed  to  a  temperature  of  20^  ? 

314.  The  length  of  one  of  the  tubes  of  the  Britannia  Bridge  orer  tlie 
Menai  Strait  is  1,510  feet  1  j-  inches  at  0^;  what  would  be  its  length  it 
20°?     Determine  also  the  difference  of  length  between  — 10^  and  15^ 

315."  A  bar  of  metal  is  3.930  m.  long  at  0^  and  3.951  m.  knig  at  thi. 
temperature  of  83°.     Calculate  the  coefficient  of  expansion. 

316.  A  bar  7  m.  long  made  of  a  metal  whose  coefficient  of  ezpaDskm  ii 
Y^  increases  in  length  from  the  same  increase  of  temperature  as  monk 
as  a  bar  made  of  another  metal  9  m.  long.  Required  the  coefficient  of 
expansion  of  the  second  metal. 

317.  A  platinum  bar  2  m.  in  length  is  divided  at  one  of  its  extremities 
into  fourths  of  a  millimetre ;  a  copper  bar  1.950  m.  long  placed  over  the 
first  at  0°  differs  from  it  in  length  0.050  m.,  or  200  of  the  divisions  on 
the  platinum  bar.  Required  the  temperature  of  the  two  bars  at  which 
the  difference  would  be  equal  to  1 64  divisions  on  the  platinum  bar. 

318.  A  pendulum  made  of  brass  vibrates  seconds  at  0^  C.  How  many 
seconds  would  it  lose  each  day  if  the  temperature  were  20°. 

319.  It  is  required  to  make  a  compensating  pendulum  of  steel  and 
brass  rods,  whose  constant  length  shall  be  0.50  m.  What  disposition  must 
be  given  to  these  rods,  and  what  must  be  their  lengths,  in  order  to  effect 
the  compensation  ? 

320.  A  brass  tube  is  5.436  m.  long  at  20°.     How  bng  will  it  be  at  0^? 

321.  A  plate  of  sheet-iron  has  at  0*^  a  superficial  area  of  560  c.  m.'* 
Required  its  area  at  15°. 

322.  The  iron  tire  of  a  wheel  is  1.123  m.  in  diameter  at  a  red  heat 
(1,200°).     What  will  be  its  diameter  when  cooled  to  10=*  ? 

323.  An  iron  ball  has  a  diameter  of  15  c  ul  at  0°.  What  wUl  be  its 
cubic  contents  at  100^? 

324.  A  glass  cylinder  has  a  capacity  of  100  cTmi*  at  15°.  What  will  be 
its  capacity  at  150°  ? 

325.  With  what  force  does  a  bar  of  copper  expand,  the  area  of  whose 
section  equals  1  cm.*,  if  heated  from  0°  to  15°  ? 
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826.  The  specific  gravitj  of  a  solid  At  5^  was  found  to  be  7.788 ;  at 
20^  il  was  (band  to  be  7.784.  Required  the  coefficient  of  expansion  of 
the  solid. 

Expansion  of  Liquids. 

827.  The  height  of  the  niercurj«column  in  the  tube  A^  Fig.  879,  was 
found  to  be  54  c.  m.  The  difference  of  le^el  of  the  two  columns  A  and 
B  was  found  bj  measurement  to  be  0.972  c  ro.  Required  the  coefficient 
of  absolute  expansion  of  mercury,  knowing  that  the  temperature  A  was  0^, 
and  that  of  ^  100'. 

828.  Reduce  the  following  heights  of  the  barometer  observed  at  the 
annexed  temperatures  to  0* :  — 


1. 

77  c  m. 

£—    SO^C 

5. 

75.85  c.  m. 

t  =-  -130.55  c. 

2. 

74    - 

£-    lOO. 

6. 

46.23     •* 

f-  150.2. 

3. 

75    " 

1  —    250. 

7. 

78.65     " 

f-  140.6. 

4. 

73    " 

1  .  -IQO. 

8. 

75.21     " 

t  -  -120 A 

Cbdculate  the  reduced  height,  first,  on  the  assumption  that  the  scale  is  in- 
expansible  ;  secondly,  on  the  assumption  that  the  height  is  measured  with 
a  brass  cathetometer  graduated  at  0^ ;  thirdly,  that  it  is  measured  on  a 
glass  scale  also  graduated  at  0\ 

829.  Reduce  the  following  bsrometric  observations  made  at  8^  to  the 
temperatures  indicated,  making  the  same  assumptions  as  in  the  last 
problem :  — 

1.  76.9  cm.  f  =  30O. 

2.  76.8    "  t  =  2»o. 
a.            76.7    ••  t  —  280. 

830.  A  glass  cylinder  4  c.  m.  in  diameter  is  filled  at  0^  to  the  height  of 
0^  m.  with  mercury.  How  high  is  the  centre  of  gravity  at  0°,  and  how 
high  at  30^  over  the  base  of  the  cylinder  ? 

831.  Required  the  volumes  of  the  following  liquids  at  the  temperatures 
indicated,  knowing  that  the  volume  at  0^  is  in  each  case  100  cTm.*  :  — 


4. 

76     c.  fn. 

f  =  -IQO. 

5. 

75.9     •* 

t  —    -90. 

6. 

75.8     " 

t  —    -80. 

Alcohol, 

.       f  =r   200. 

Oil  of  Turpentine,    . 

i  =  1000. 

Ether, 

t  =    150. 

Water,  . 

t  —    50O. 

832.  Prepare  a  table  giving  the  volume  of  water  for  each  ten  degrees 
from  0®  to  100%  the  volume  at  0^  being  taken  as  unity. 

833.  Construct  the  curves  of  expansion  of  alcohol,  ether,  and  oil  of  tur- 
pentine from  the  equations  on  page  518. 

834.  Construct  a  curve  of  expansion  for  water  corresponding  to  each 
equation  on  page  527. 

835.  A  glass  flask  whose  neck  has  been  drawn  out  to  a  point  contains 
at  0®  1,000  cTm.*  of  mercury.  Required  the  weight  of  mercury  which 
will  flow  from  the  flask  if  its  temperature  is  raised  to  100°. 

46* 
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836.  A  weight  thermometer,  Fig.  880,  contained  254^68  gnnuMi  of 
mercurj  at  0^  ;  when  heated  to  100^,  8.864  grammes  of  the  merenrj  es- 
caped. What  is  the  apparent  coefficient  of  expansion  of  mercury? 
Assuming  that  the  coefficient  of  expansion  of  glass  is  0.00008,  what  is 
the  coefficient  of  absolute  expansion  ? 

837.  A  gla^  thermometer-tube  was  carefully  calibrated  aod  difided 
into  parts  of  equal  capacity.  The  weight  of  mercury  which  the  bulb  and 
tube  contained  below  the  6th  division  on  the  stem,  measured  aft  O',  wai 
found  to  be  20.125  grammes.  Afler  introducing  an  additional  quantitj  of 
mercury,  which  filled  25  divisions  of  the  stem  at  0^,  this  weight  was  in- 
creased to  20.156  grammes.  Subsequently,  in  order  to  measure  Uie 
apparent  expansion  of  mercury,  the  two  fixed  points  were  carefully  de- 
termined on  the  stem.  The  difference  between  the  two  was  found  to  be 
250  divisions.  Required  the  coefficients  both  of  absolute  and  of  apparent 
expansion,  using  for  the  coefficient  of  glass  the  value  given  in  the  last 
problem. 

838.  A  spherical  vessel  having  an  internal  diameter  equal  to  two  thirds 
of  a  metre  at  0^,  is  made  of  a  material  whose  coefficient  of  expansion  is 
equal  to  ^^v  Required  the  weight  of  mercury  which  the  vessel  will 
hold  at  0=^  and  at  25**. 

839.  A  cylinder  of  brass  immersed  in  water  is  suspended  from  the  pso 
of  a  hydrostatic  balance,  and  counterpoised  at  4\  The  temperature  is 
then  raised  to  9^,  and  it  is  required  to  determine  the  weight  necessary  to 
restore  the  equilibrium.  The  circumference  of  the  cylinder  is  0.135  m.; 
its  height,  0.12  m. 

340.  A  spherical  glass  vessel,  whose  diameter  is  equal  to  0.28  m.,  is 
filled  with  mercury  at  70°.  This  mercury  is  turned  into  a  quantity  of 
water  which  half  fills  a  cylindrical  vessel  0.40  m.  high  and  0.40  m.  in 
diameter.  Required  the  temperature  of  the  mixture,  neglecting  the  tem- 
perature of  the  glass. 

341.  Determine  the  coefficient  of  expansion  of  platinum  from  the  fol- 
lowing^ data :  —  ««».«- 

Weight  of  the  platinum  bar, 198.0 

"  "       glass  bulb  and  platinum  bar  enclosed,         ....  S40.5 

"  "  '*  "  "  when  filled  with  mercury  at  oo,  .  390.1 

"  "       mcrcniy  expelled  on  heating  the  tube  to  100<>,     .        .        .  7.97 

This  problem  can  be  most  readily  solved  by  first  calculating  the  value?  of 

J^,  __.,  and  — ~^,  and  afterwards  substituting  these  values  in  [ISO], 

Jlxpcnuion  of  Gases. 

842.  To  what  temperature  must  an  open  vessel  be  heated  before  one 
half  of  the  air  which  it  contains  at  0'  is  driven  out  ?  The  pressure  is  as- 
sumed to  be  constant. 


^^^^^^Hpopen  vcuel  is  healed  to  l,OflO^    What  portion  of  llie  air  which 
^^^^^^^Bvontaincd  al  D°  remftins  in  h  at  Ihia  temperature  ?     Thu  prea- 

344.  A  closed  gla»a  Tessol,  which  al  0"  was  filled  with  air  having  a 
Kju.-iMM)  i>{  76  u-ni^  is  healed  to  50(F.  Deiermine  the  tension  of  the 
brated  air. 

345.  Required  the  lempemlure  at  whidi  oae  litre  of  air  would  weigh 
one  gramme,  the  pressure  being  TO  c  in. 

34t(.  An  iron  bomb-«hcll  was  filled  with  nitrogen  gas  at  0°,  and  after 
hnring  been  hermetically  sealed  was  heated  while-bol  (IgSW  C).  E*- 
quired  tbc  tension  of  the  healed  gas. 

347.  Beduee  the  following  volumes  of  gas,  measured  at  the  tempetx- 
tures  and  pressures  annexed, to  0'  and  76  cm.:  — 

1.    10     (Tm-'     W— Titm.     (—10=.     I      t.     IS^Tb."    JJ— SSctn.      (=    30". 

a.    I.J   "      B~:a  ••      i—n".       s.    ii    ■■      i/=5o   -       <=  ao". 

3.    10       "        i/=PO    "        (=10*>.     I     fl.      9     "       H=60    "         t  =  'liy. 
S48,  It  is  required  to  determine  ihe  temperature  to  whicli  an  air-ther- 

jBometer  wan  exposed  from  the  following  daia  :  — 

Vcigbt  oflheg:l>M  iherrnamficr, to     ^    ii36*  gmnmBa. 

"         "     thermonieler  filled  with  mercuri'  at  O",    .         W   =  T09.IU      " 
"         ■'  ■'  partially  filled  wilhmercurj- at  0°,   If    =  S51.S64      " 

Bdght  of  ihc  barometer  reduced  (0  0° H'a  i^    75.64    c.  m. 

P"  "      mercury-column  in  thermometer,  .         .         .     A«     =     19  S4        " 

•■         "      twromcierMilio  timeof  ck»iBgilieraiom«leT,    Bt   -•    7S.21      " 
Ans.  232°.7. 
849.  It  is  required  to  determine  the  temperature  to  which  the  air-ther- 
mometer of  Fig.  273  was  exposed  from  the  following  data :  — 
Beighl  of  harometer  at  the  moment  of  obeerving  the  (empemliire,    S'a  =  76.33  e.  m. 

"  ■'  "  "        measuring  differenc«oricTel,ifii   '^  TS.51    " 

Diffiimice  of  IstcI  as  meaioi^  bv  a  catbetomeler,        .  .    ht    ^  40J1    " 

Volume  of  [lie  air-thetmomclcr  at  0°,        .  .  .         V     =  !54     tTm,' 

•'  "      roanomctPr-tnbo  between /and  o,  .  .     »      =    BO        " 

Tempcntnrc  of  the  manometer, (      =    10" 

Ans.  265". 
SSO.  It  is  required  to  determine  the  volume  of  Ihe  air-ihermometer 
fram  the  following  data :  — 

Wnght  of  mercury  abaTC  mark  a,  .        ,      81 .600  giammea. 

"  "         between  a  and  tf,        ,         .         .         STS.OOO        " 

Hfight  of  banjroeior, 7fl         cm. 

UilTiittnce  of  level  of  the  two  rolumni,     .        ,  a^A        " 

351.  A  ghisa  tube,  the  area  of  whose  section  is  -jJjt  of  a  Fqnare  cen- 
litnetre,  is  connected,  as  in  Fig.  855,  wilh  a  gla^s  bulb  who^e  capacity 
eqiuJs  0-'5  c.  m.*  At  the  temperature  of  — 40^  and  under  a  pressure  of 
7£  c.  m.  llie  Bmall  thread  of  liquid.  A,  slamls  at  the  lowest  i>url  of  the 
lut>e.  It  is  required  to  deiermine  how  long  tlie  lube  must  be,  in  order 
^^b*t  ve  los?  measure  with  the  ioslrumenl  a  temperature  of  120''. 
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CHANOE  OF  STATU  OF  BOXmS. 

1.  Solids  to  Liquids. 

(269.)  Meltinff-Pbini.  —  If  we  heat  a  solid,  the  fint  eAet  rf 
heat  is,  as  we  have  seen,  to  expand  it ;  the  second  effect  is  to 
change  its  mechanical  condition,  —  to  melt  it.  The  tempentoie 
at  wliich  solids  melt  differs  very  greatly  for  different  sulwtanoes; 
but  it  is  always  constant  for  the  same  substance.  Moreofer,  tin 
temperature  remains  absolutely  constant  during  the  whole  period 
of  melting.    This  temperature  is  termed  the  meUing^paini. 


MeUing^ 

ir Qrto 

•Points. 
Sulphur     .... 

loy 

JMLercury  •        •        .        •    — noir 

Oil  of  Turpentine         .        —10 

Alloy  (t  Tin,  1  BismiiA)   . 

141 

Ice           ....          0 

•*      (3  Tin,  2  Le«l)    . 

167 

Tiard   ....         +33 

•"     (8  Tin,  1  BiiiDiith)   . 

200 

Phosphorus      ...         43 

Tin 

230 

Spermaceti           •         •         .49 

Bismuth 

256 

Potassium        ...        58 

Lead          .        .         .         . 

322 

Wax  (not  bleached)     .        .     61 

Zinc       .... 

360 

Stearic  Acid     ...         70 

Antimony 

432 

Sodium        .         .         .         .90 

Silver,  pure,   . 

999 

Fusible  metAl  (5  Pb,  3  Sn,  8  Bi)  1 00 

^      alloyed  with  ^  gold. 

1048 

Iodine          ....  107 

(270.)  Vitreous  Fusion,  —  Most  solids,  when  heated  to  their 
melting-pouit,  change  at  once  into  perfect  liquids;  but  some, 
such  as  platinum,  iron,  glass,  phosphoric  acid,  the  resins,  wax,  and 
many  others,  pass  through  an  intermediate  pasty  condition  before 
tliey  attain  complete  fluidity.  In  such  cases  the  melting-point  is 
not  fixed,  although,  so  far  as  we  can  judge,  a  definite  tempera- 
ture corresponds  to  each  stage  of  the  change.  The  term  vitreous 
fusion  has  been  applied  to  this  gradual  change  of  state,  because 
it  is  a  characteristic  property  of  all  vitreous  substances ;  and  it  is 
when  in  this  intermediate  pasty  state  tliat  glass  is  worked  and 
iron  or  platinum  forged. 

(271.)  Freezing-Point.  —  If  a  substance  in  tlie  liquid  form  is 
eooled  below  the  temperature  at  which  it  melts,  it  agaiu  becomes 
solid,  and  as  a  general  rule  the  freezing-point  is  the  same  as  the 
melting-point.    But  in  many  cases  we  can  cool  a  liquid  seTeral 
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B  below  ila  meltiBg-poiiit  without  its  soUdifying ;  tliii8,  by 
tar  perfect]/  still,  wo  can  suececd  iu  cooling  it  to 
—15",  or  ercn  («  — 17°,  before  it  freezes.  If,  however,  wlieii  iii 
this  onDdilioD,  wo  drop  iiitu  the  wuter  an  angular  body,  like  a 
jiioco  of  eaud,  or  gently  jolt  the  vessel  containing  it,  congelation 
In^ns  at  oiice,  aii<l  the  temperature  suddenly  riees  to  (I*.  It  lias 
already  beeii  slated  (HaS)  that  water  continues  to  expand  when 
alod  below  0*,  while  ice  under  the  sama  cii-cumstaiKics  con- 
Dcspretz  lias  followed  its  expansion  to  — 20°. 
rThix  eingiilar  phenomenon  seems  to  be  cousud  by  the  inertia 
Xthe  particles  of  the  liquid,  and  is  exhibited  to  a  still  greater 
res  in  viscid  liquids,  like  the  futs,  where,  on  account  of  the 
wrfcet  fluidity,  the  inertia  is  greater.  Such  liquids  tinifonnly 
Knot  begin  to  freeze  until  they  ore  cooled  several  degrees  below 
I  melting^int ;  but  a.i  ^oon  as  the  change  coiomencBS,  the 
llperature  at  once  rises  to  this  point. 
Bl  has  been  noticed  that  the  phenomenon  just  descriljcd  is  most 
idily  prodnccd  when  the  liquid  is  enclosed  in  »  capillary  tube, 
1  Ibis  circumstance  has  been  thought  to  explain  the  (act  that 
tnts  and  many  of  the  lower  animals  frequently  seem  to  resbt  the 
action  of  frost  without  any  apparently  adequate  protection  ;  for, 
■sis  well  known,  their  liquid  jnices  circulate  tiu'ough  exceedingly 
minute  capillary  vessels. 

(272.)  Eject  of  SaUi  on  Ihe  Freezinff-Poini  of  Water. ~T\\q 
freezing-point  of  water  is  depressed  by  the  presence  of  salts  in 
solution.  Thus  sea-water  freezes  at  about  — 3°,  and  a  saturated 
solution  of  common  salt  must  be  cooled  as  low  as  — 20*  before 
freezing.  The  freezing-points  of  various  saline  solutions  at  dif- 
ferent degrees  of  concentration  have  been  given  by  Desprctz  in  a 
memoir  already  referred  lo  (^-^B).  In  all  these  cases  pure  ice  is 
formed  by  the  freezing,  and  a  more  saturated  solution  of  the  salt 
is  lefl.  The  change  may  In  fact  be  regarded  as  a  process  of  crys- 
tallization, ill  which  the  water  crystallizes  out,  lea\'ing  the  salt 
behind.  In  like  manner,  alcohol,  which  when  mixed  with  water 
very  greatly  reduces  the  freezing-point,  is  entirely  eliminated 
from  it  in  the  process  of  freezing.  Hence  weak  alcoholic  liquids 
like  wine  or  liecr  may  bo  concentrated  by  exposing  them  to  cold 
1  removing  the  layers  of  ice  as  they  form. 
To  the  same  class  of  phenomena  belongs  the  fact,  that  the 
hljng-poiiil  of  several  alloys  is  lower  than  that  of  either  of  the 
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metals  of  which  they  consist.  The  most  remarkable  example  of 
this  kind  is  Rose's  fusible  metal,  consisting  of  two  parts  bismntli, 
one  part  tin,  and  one  part  lead,  which  melts  between  95*  tod 
99" J  although  the  melting-points  of  its  constituents  are  all  be- 
tween 235''  and  334''.  The  following  table,  which  gives  the  melt- 
ing-points of  several  alloys  of  tin  and  lead,  furnishes  another 
example  of  the  same  fact.  The  lowest  melting-point  corre- 
sponds to  an  alloy  of  three  equivalents  of  tin  and  one  equivaloit 
of  lead.  Compounds  of  two  equivalents  of  sulphur  and  three 
equivalents  of  phosphorus,  of  two  equivalents  of  bismuth  tod 
three  equivalents  of  tin,  show  similar  relations. 


PetecDtiC*  Ccmposltion. 

nn. 

LmmL 

100 

0 

73.7 

26.3 

69.3 

30.7 

63.0 

37.0 

63.2 

46.8 

36.2 

63.8 

15.9 

841 

0 

100 

23^ 
194 
189 
186 
196 
241 
289 
334 

(273.)  Effect  of  Pressure  on  the  Melting-Point.  —  Since  the 
effect  of  an  external  pressure  must  be  to  resist  the  expansive 
force  of  heat,  we  might  naturally  expect  that  it  would  tend  to 
raise  the  melting-point.  That  this  is  indeed  the  fact  is  shown 
by  the  following  table,  which  gives  the  results  of  experiments 
made  by  Mr.  Hopkins*  on  this  subject. 


Atmotpheret. 

SpennMetL 

Meltinc-Poiat. 
Wax.                Salphur. 

SftHXllM 

1 

51.1 

64.7             107!2 

67!2 

520 

60.0 

74.7             135.2 

68.3 

793 

80.2 

80.2             140.5 

73.8 

On  the  other  hand,  it  has  been  shown  by  Professor  Thompson 
that  the  effect  of  pressure  on  water  is  exactly  opposite  to  that 
just  described.  He  found  that  a  pressure  of  8.1  and  16.8  atmos- 
pheres caused  a  depression  of  the  freezing-point  of  0**.059  and 
0**.129.     But  it  will  be  shown  in  the  next  section,  that,  while  the 

*  Silliman's  American  Joarnal,  Second  Series,  VoL  TTT  p.  14a 
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■the  substances  on  which  Mr.  Ilopkins  experimented  in- 
f  melting,  that  uf  water  diininii^lius.  Wc  shoulil,  there- 
,  expect  an  opposite  result  iu  tho  Ivfo  cases  ;  in  fact,  nut 
blf  the  general  effect  of  tlio  pressure,  but  also  the  amouul  to 
^pch  the  melting-point  of  ice  is  depressed  by  it,  sire  in  accord- 
B  with  the  theory.  Indeed,  the  phenomenon  was  predicted  hy 
Xtfcssor  Tliumpson*  ou  purely  theoretical  grounds,  and  the 
lerinicDtal  results  since  ohtuined -have  agreed  very  closely  with 
I  predictions. 
1(274.)  Change  of  Vohme.  —  At  the  moment  of  melting 
Kre  is  a  sudden  change  of  vohitne,  which  is  uisually  an  ex- 
paniiion  ;  but  iu  the  case  of  water  and  a  few  metals  the  efFoct 
i*.  a  condeusatioi).  This  sulject  has  been  carefully  investigated 
by  Koppit  wlio  used  iu  his  cxperimeuts  the  simple  ajiparu- 
^  represented  in  Fig.  396.  The  small  test-tube 
I  containing  the  snbsUineo  to  be  examined,  was 
iced  within  a  somewhat  larger  tube  of  the  same 
>hape  ;  and  this,  hating  been  filled  with  water  or  some 
utlicr  suitable  liquid,  was  closed  by  a  cork  provided 
with  s  cupillary  glass  tube  divided  into  parts  of  equal 

Ipactty.  It  is  evident  that  any  cliaitge  of  voUune 
tlie  Bolid  in  the  tube  a  a  could  bu  measured  by 
a  rise  or  fall  of  the  cnnloscd  liquid  in  the  capillaiy 
be.  In  practice,  the  apparatus  was  heated  at  ibc 
le  of  a  tliermomcler  in  an  oil-balh,  so  arranged  that 
e  temperature  could  be  kept  constant  for  a  few  min- 
ntes  at  any  point,  and  at  each  stationary  point  the 
temperature  and  tlie  Jieight  of  the  liquid  in  the  capil- 
f  tube  were  observed.  The  weight  of  the  substnnco 
d  of  llie  liquid  used  (commonly  water)  having  been 
ivioasly  determined,  and  the  rate  of  expansion  of 
B  Mid  of  the  liquid  being  known,  and  also  the  vol- 
)  of  the  tubo  between  any  two  divisions,  it  was 
f  to  calculate  the  volume  of  the  substance  at  each 
rved  temperature,  and  of  course  to  measure  th<} 
uuge  of  volume  which  took  place  at  melting,  t'ome  of  the 
mlts  obtained  by  K.opp  are  rcpresenlod  in  Figs.  ii9i,  3!);<, 
I,  and  400.     Hero,  as  in  Figs.  381  and  38ti,  tlie   abscJBBas  of 


cnE.Mic.lL  puysics. 


Iho  curves  indicate  degrees  of  temperature,  and  the  ordiiulai 

corresponding  volumes  of  tlio  substancse,  the  volume  ftl  0*  ll 
tuken  as  unity.     Solid  pliospliorus  (Fig.  897),  it  will  be  uutii 


expands  very  regularly,  like  other  solids,  until  it  roaches  4 
inelliiig-point,  when  a  sudden  expansion,  atnountiag  to  oboat 
0.035  of  the  original  volume,  takes  [dace.  After  ntcltinifc,  tlm 
expansion  continues,  with  tolerable  regularity,  as  before.  Ice,  on 
llie  other  liaiid  (Fig.  COl^),  vhieh,  fo  long  as  it  romaius  golid,  is 
expanded  by  boat,  Riddouly  contracts  in  melting,  —  tlic  con- 
Irsictiou  amounting  to  about  0.1  of  the  »'olumo  of  the  water  at 
0°.  After  melling,  the  water 
expand.'!  according  to  llie 
laws  before  etatod,  but  Ilia 
lutul  amount  of  oxpanrion 
1  ctwccn  the  freezing  tud 
i'oiling  points  is  lc» 
one  hair  oh  great  as  Uio 
traction  in  melting.  Hf 
ice  will  float  on  watur, 
when  at  tho  boiling-furliit. 
The  expansion  of  wator  in 
freoxing  tjikes  place  with 
rcKistiblo  force.  Tliick 
l)omb-ehc1ls  havo  been 
by  expoxing  llicm  tu 
cold  when  filled  with  water  and  tightly  j^lnggcd. 

The  law  of  tlio  expansion  of  wax  while  molting  is  sli 
the  curve  in  Fig.  309.     8iiicc  wax  does  not  change  suddenlf . 
a  liquid,  but  pas:ses  through  on  iiitennediato  pasty  coiiditJi 
thould  not  c.\i)cct  to  find  a  point  of  suddeu  expansiCMl. 
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curve  indicates,  llic  cxpaueion  is  very  rapid  during  (he  melting, 
aud  vastly  more  rapid  tliau  the  expansion  above  U4°,  the  puiiit 
at  which  the  wax  becomes  perfectly  liquid. 

Fig.  400  represents  the  curve  of  Etcai-ine,  whicli  is  exceedingly 
irregiikr.  The  substance 
has  iu  fiict  two  mclting- 
]xiiiitB.  It  melts  firbt  at 
iO*,  ftnil  this  cliunge  is  nl. 
tended  with  a  sudden  cuit- 
densation.  But  as  the  tern 
pcraturo  riees  higher,  the 
tubbtaucc  agaiti  thickens, 
owiug  luiiloiibtcdly  to  a 
chnuge  iu  its  molecular 
condition  ;  and  this  new 
condition  of  steariuo  melt^ 
at  G0°,  when  the  change 
is  attended  with  a  sudden 
expaufion. 

Besides  wat^-r,  the  only  substances  known  to  exiiaiid  in  so- 
lidifying, which  do  not  contain  water  ns  a  chief  constituent,  are 
cast-iron,  bismuth,  antimony,  and  a  few  alloys,  such  as  type- 
metal,  brass,  and  bronze.  These  metals  and  alloys  all  give 
»hftrp  casts,  because  the  expansion,  which  takes  place  when 
the  metal  sets,  forces  it  into  the  minute  cavities  of  the  mould  ; 
and  on  this  fact  depend  many  of  their  useful  applications  iu 
founding. 

(275.)  The  melting  of  solids,  like  their  expansion,  may  be 
explained  by  the  expansive  force  exerted  by  heat.  When  this 
expansive  force  becomes  equal  to  the  cohesive  force,  we  evi- 
dently have  a  condition  of  matter  in  which  the  particles  are  ia 
perfect  equilibrium  l>etween  two  forces,  and  are  therefore  free 
to  move  at  the  slightest  impidse  ;  in  a  word,  we  have  the  condi- 
tion of  liquidity.  We  may  deRno,  then,  a  liquid  as  that  condition 
of  matter  iit  which  the  cohesive  force  is  balanced  by  the  expan- 
sive force  of  heat.  AVith  a  few  exceptions,  all  solids  which  can 
bear  the  requisite  change  of  temperature  without  undci^ing 
chemical  change,  may  be  melted-  Many  substanees  which  are 
generally  regarded  as  infusible  —  such,  for  example,  as  platinum, 
flint,  and  siliceous  mmerals  —  readily  melt  before  the  compound 
47 
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blowpipe,  or  between  the  poles  of  a  powerful  galvanic  battery. 
Carbon  is,  indeed,  almost  the   only  substance  which  has  not 
yielded  to  these  high  temperatures  ;  and  it  is  probable  that  cyoi 
this  will  be  melted  when  the  means  of  obtaining  still  higher  tenh 
peraturcs  shall  be  discovered.*      There  are,  however,  a  greit 
number    of   substances,  especially  organic    compounds,  which 
cannot  be  melted,  because  they  are  decomposed  by  the  action 
of  heat.     Thus  wood,  when  heated,  is  decomposed  into  certun 
gases  and  acid  vapors,  which  escape,  and  into  carbon,  which  is 
left  behind.     In  like  manner  carbonate  of  lime  (chalk),  when 
heated,  is  decomposed  into  carbonic  acid  gas  and  lime  at  a  tem- 
perature below  its  point  of  fusion.     If,  however,  we  prevent  the 
gas  from  escaping,  by  confining  the  carbonate  of  lime  in  a  gun- 
barrel  hermetically  closed,  it  can  be  melted  in  a  furnace  fire. 

As,  with  very  few  exceptions,  all  solids  may  be  melted,  we 
have  every  reason  to  infer  that  all  liquids  might  be  frozen  if  a 
sufficient  degree  of  cold  could  be  attained.  There  are,  however, 
several  liquids  which  have  never  yet  been  frozen.  Such,  for 
example,  are  sulphide  of  carbon,  alcohol,  and  several  others  of 
organic  origin  ;  but  even  alcohol  becomes  very  thick  and  oily 
when  exposed  to  the  intense  cold  produced  by  a  mixture  of  solid 
carbonic  acid  and  ether. 

(270.)  Determination  of  the  MeUing-Point.  —  The  melting- 
point  is  an  important  physical  property  of  a  substance,  and  the 
chemist  has  frequent  occasion  to  determine  it.  The  simplest 
method  is  to  heat  the  solid  in  a  convenient  vessel  until  it  begins 
to  melt,  and  then  test  the  temperature  with  a  thermometer  before 
it  is  fully  melted.  It  is  always  well,  however,  also  to  reverse  the 
experiment,  and,  by  cooling  down  the  liquid,  test  the  temperature 
while  it  is  freezing.  But  if  tliere  is  a  difference  between  the  two 
temperatures,  the  melting-point  should  be  taken  as  the  physical 
constant  rather  than  the  freezing-point,  for  the  reasons  already 
stated  (271). 

The  apparatus  represented  in  Fig.  401  will  be  frequently  found 
very  convenient  for  determining  the  melting  or  freezing  point  of 
many  organic  substances,  especially  when  only  a  small  quantity 

♦  Both  Sillimun  anil  Dcsprctz  have  ohtainod  evidence  of  the  partial  fa«iion  and  vola- 
tilization of  cart)on,  when  exposed  to  the  action  of  a  (;alvanic  battery  of  great  intenMtv. 
For  a  description  of  the  best  means  of  producing  intense  furnace  heat,  see  a  memoir 
by  Deville,  Annates  de  Chimio  ct  dc  Physique,  3«  Sc'ric,  Tom.  XLVI.  p.  182. 
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available  fur  the  experiment.  It  consists  of  a  water  or  oil  batli, 
le  with  two  beaker  glasses  (one  supported  within  tho  other,  as 
isontcd  in  the  figure),  so  tlmt  tho  eondtictlon  of  heat  from  tho 
ip  to  tlie  inner  vessel  may  be  as  iini- 
possibte.  A  thermometer  in  tlic 
iiiner  glass  gives  tho  temperature  of  tho 
bath  at  each  instant,  and  tho  substance 
under  experiment,  euclosed  in  a  cnpilln- 
glass  tubo,  is  immoi'scd  in  the  bath  at 
side  of  the  thermometer.  By  slowly 
.ting  and  then  cooling  the  batli,  it  is 
easy  to  cateh  the  exact  point  at  which 
the  Eolid  melts  and  tho  liquid  again 
freezo-s ;  and  the  experiment  can  read- 
ily be  repeated  a  great  number  of  times. 
(277.)  Heat  of  Fusion.  —  It  has  al- 
ready been  stated,  that  while  a  solid 
is  melting  the  temperature  remains  the 
same.  This  fact  can  be  easily  verified 
by  watching  a  thermometer  inmici'sed  in  a  tumbler  filled  with 
melting  ice,  when  it  will  be  found  that  the  thermometer  will 
etand  at  0°  until  tho  whole  of  the  ice  has  disappeared.  During 
all  this  time,  which  may  be  several  hours,  heat  has  been  continu- 
ally entering  the  water  from  the  air,  aud  the  question  naturally 
arises,  What  has  become  of  this  heat  ?  The  answer  is,  that  it 
has  been  used  up  in  melting  the  ice. 

In  order  to  study  this  phenomenon  more  closely,  let  us  take 

two  vessels,  the  first  containing  one  kilogrannue  of  ice-cold  water, 

and  the  second,  one  kilogramme  of  coarsely  pulverized  ice.     A 

IOmeter  placed  in  each  vessel  will  indicate  that  both  the 

and  the  water  have  exactly  tho  same  temperature,  via.  0°. 

Let  us  now  expose  both  to  such  a  source  of  heat,  that  the  same 

amount  of  heat  must  enter  each  vessel  during  the  same  lime. 

It  will  lie  found  that  the  thermometer  in  the  first  wilt  remain 

ttJonary  while  tlie  ice  is  melting  ;  but  the  thermometer  in  the 

ind  will  gradually  rise.     If  at  the  moment  the  last  particle  of 

has  melted  wo  examine  the  two  thermometers,  we  shall  find 

it  the  one  iu  the  first  vessel  marks  still  0°,  while  that  in   the 

ind  has  riseu  to  70°,     From  the  definition  of  the  unit  of  heat 

II),  it  follows  that  79  units  of  heat  must  have  entered  both 
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vessels.  This  heat  has  not  raised  the  temperature  of  the  fint, 
because  it  has  all  been  consumed  in  melting  the  ice.  The  difie^ 
ence,  then,  between  one  kilogramme  of  ice  at  0^  and  one  kilo- 
gramme of  water  at  the  same  temperature  is  79  units  of  heat 

The  same  truth  may  be  illustrated  in  another  way.  If  we  take 
one  kilogramme  of  water  at  79^,  and  one  kilogramme  of  ice  at  0^, 
and  mix  the  two  together,  we  shall  find,  on  testing  the  water  with 
a  thermometer  after  the  ice  has  melted,  that  its  temperature  is  0". 
What  then  has  become  of  the  79  units  of  heat  that  the  kilo- 
gramme of  water  contained  ?  It. is  evident  that  they  have  disap- 
peared in  the  melting  of  the  ice.  What  is  true  of  ice  and  water 
is  also  true  of  other  substances.  All  solids,  in  molting,  absorb  t 
large  amount  of  heat,  without  any  corresponding  change  of  tem- 
perature. The  heat  which  is  thus  absorbed  is  sometimes  called 
the  heat  of  fusion^  but  more  frequently  the  latent  heat  of  the 
liquid,  because  it  is  not  sensible  to  the  thermometer.  The  heat 
of  fusion  of  a  few  solids  is  given  in  the  following  table :  — 


J.C6,         .  •  .  •  • 

Phosphorus, 

Sulphur,       .... 
Lead,        .... 
Bismuth,       .... 
Tin,  .... 

Silver,  .... 

Zinc,         .... 

The  principle  under  discussion  is  well  illustrated  by  the  so- 
called  freezhisr  mixtures,  Tlic  most  common  of  these  is  a  mix- 
ture  of  equal  parts  of  snow  or  pounded  ice  and  salt,  which  pro- 
duces a  degree  of  cold  of  about  — 16**.  The  salt  causes  the  ice  to 
melt  and  the  water  dissolves  the  salt,  so  that  both  become  liquid, 
and  in  consequence  a  large  amount  of  heat  is  absorbed.  This 
mixture  is  used,  as  is  well  known,  for  freezing  ice-creams.  A 
much  more  powerful  freezing  mixture  is  formed  by  mixing 
together  three  parts  of  crystallized  chloride  of  calcium,  previ- 
ously cooled  to  0**,  and  two  parts  of  snow.  A  degree  of  cold 
may  be  thus  produced  equal  to  — 45**,  and  sufficient  to  freeze 
morcurv. 

The  solution  of  most  salts  in  water  is  attended  with  the  ab- 


MelUng. 
Point. 

Heat  abforlMd  by  1  kflo- 
gniiniDe  In  meltiiiff. 

0^0 

7y.2i> 

units 

44^2 

5.03 

u 

ll5^2 

9.37 

u 

3•26^2 

5.37 

tf 

2G6^8 

12.G4 

u 

237°.7 

1 4.2o 

u 

90  D*. 

21.07 

u 

415^3 

28.13 

u 

BB^T. 
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sorption  of  licat,  because  the  salt,  in  dissolviug,  clmngus  from  a 
solid  to  a  liquid  conditioD.  Nitre,  fur  example,  cools  ttio  water 
in  wbicii  it  is  dissolved  eight  or  ten  degrees.  One  part  of  chlo- 
ride of  potassium  dissolved  in  four  parts  of  water  alao  cools  the 
water  about  the  same  amount.     Tho  depression  of  temperature 

|fre(|uently  more  considerable  when  we  dissolve  tbe  salt  in  an 
id  liquid  instead  of  pure  water.  A  Tery  convenient  method  of 
teztti^  water  without  the  use  of  ico  consists  in  mixing  together 
lely  pulverized  Glauber's  salt  and  tbe  coiumnii  muriatic  acid 
commerce.  The  salt  dissolves  to  a  greater  extent  in  tho  acid 
tn  in  water,  and  a  depression  of  tflmporature  results  wliicli 
mar  amount  to  28°.  An  apparatus  (Fig.  40'2)  is  constnictcd  at 
Paris  for  fi-cezing  water  by  this  process,  and  it  is  found  to  require 


about  rix  kilogrammes  of  Glauber's  salt  and  five  kilogrammes 
^^tf  muriatic  acid  to  freeze  five  kilogrammes  of  water.  Tho  free*- 
^Hpg  mixture  is  placed  in  the  cylindrical  chamber  C,  nliilo  tho 
^^blow  walls  of  this  chamber,  as  well  as  tho  interior  cylinder  A, 
^^ne  filled  with  the  water  to  be  frozen.  The  crank  at  tho  top  of 
the  apparatus  serves  to  turn  the  cylinder  A  and  lire  vanes  at- 
laclicd  to  it,  by  which  means  the  acid  and  salt  arc  kept  constantly 
^Bixed  and  the  surfaces  of  contact  renewed.  After  the  ice  ibrms, 
I  freezing  mixture  is  drawn  off  into  tbe  lower  chamber  T, 
lent  it  may  be  further  used  for  cooling  bottles  of  wine. 
47* 
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As  the  change  of  state  from  solid  to  liquid  is  attended  with  the 
absorption  of  a  definite  amount  of  heat,  we  should  natanSj 
expect  that,  when  the  fluid  changes  back  again  to  a  solid,  tbe 
same  amount  of  lieat  would  be  evolved.  That  this  is  really  the 
case,  may  be  proved  by  reversing  the  experiments  just  described. 

If  we  take  two  vessels,  the  first  containing  one  kilogramme  of 
water  at  79^,  and  the  second,  one  kilogranmie  of  water  at  zero, 
and  expose  them  to  the  air  during  a  cold  winter  day,  so  that 
equal  amounts  of  heat  shall  escape  from  both  during  any  given 
time,  we  shall  find  that  the  temperature  of  the  water  in  the  first 
vessel  will  immediately  fall,  while  that  of  the  water  in  the  seo> 
ond  vessel  will  remain  stationary.  In  the  mean  time,  however, 
the  water  in  the  second  vessel  will  begin  to  freeze  ;  but  so  l<mg 
as  the  water  remains  liquid,  the  temperature  will  continue  sta- 
tionary at  zero.  If  at  the  moment  the  last  particle  of  water  has 
frozen,  and  before  the  temperature  begins  to  fall,  we  observe  the 
temperature  of  the  water  in  the  first  vessel,  we  shall  find  that 
the  thermometer  stands  exactly  at  zero.  Evidently,  then,  79 
units  of  heat  have  escaped  from  tlie  water  in  the  first  vessel. 
The  same  amount  also  must  have  escaped  from  the  water  in  the 
second  vessel.  Why,  then,  has  it  not  changed  the  temperature  ? 
Simply  because  it  is  the  heat  of  fusion,  which  has  been  given  up 
by  the  water  in  changing  into  ice. 

In  like  manner,  as  the  solution  of  a  salt  in  water  is  attended 
with  absorption  of  heat,  so  the  separation  of  a  salt  from  its 
state  of  solution  (the  process  of  crystallization)  is  attended  with 
evolution  of  heat.  As  a  general  rule,  however,  the  crystalli- 
zation is  so  slow,  that  the  heat  escapes  as  fast  as  it  is  liberated, 
and  therefore  does  not  raise  sensibly  the  temperature  of  the  mass. 
We  can,  however,  so  arrange  the  experiment  as  to  make  it  very 
perceptible.  We  prepare  for  this  purpose  a  supersaturated  solu- 
tion of  Glauber's  salt,  as  described  in  (198),  and  when  the  so- 
lution is  cold  make  it  crystallize  suddenly  by  uncorking  the  flask. 
On  grasping  the  flask  with  the  hand  as  soon  as  the  crystallization 
has  been  completed,  it  will  be  found  that  its  temperature  has 
risen  very  perceptibly,  thus  proving  that  crystallization  is  at- 
tended with  liberation  of  heat. 

As  a  last  illustration  of  the  principle  under  discussion,  we  may 
cite  the  well-known  process  of  slaking  lime  in  tlie  preparation 
of  mortar.     If  we  add  to  one  kilogranune  of  quicklime  one  half 
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ilogramme  of  water,  the  lime  rapidly  combines  witli  tlio  water 
fulls  into  a  looso  white  powdor,  a  portion  of  tlia  water  at  Uie 
time  escnpiiig  ns  steam.  The  water  is  thus  changed,  by 
entering  into  combiimtiou  with  tlie  lime,  froni  the  liquid  to  the 
solid  state  ;  and,  as  we  might  anticipate,  a  great  amount  of  heat 
is  euddculf  evolved.  The  elevation  of  tcmpcmturc  which  is 
tlius  caused  is  sometimes  sufficiently  high  to  inflame  giini>owdcr. 
The  heat  which  is  liberated  in  this  process  is  not,  however, 
wholly  caused  by  the  solidifying  of  the  water.  A  portion  of  it 
rcsullii  from  the  chemical  combination  bctwcGn  the  lime  and  tlio 
water,  in  accordance  with  the  general  law  that  chemical  comhi- 
ms  are  attended  with  the  evolution  of  licat. 
le  i]uautity  of  heat  which  becomes  latent  during  the  fustoo 
solids  is  ascertained  by  ]>ouring  a  known  weight  of  the  melted 
colid,  at  its  melling-poiiit.  into  a  mass  of  water  wliosc  weight  and 
temjKjratnre  are  known.  The  temperattire  of  the  water  will  evi- 
dently be  increased  by  the  addition  of  the  amount  of  heat  which 
the  liquid  gives  out  in  solidifying,  plus  the  amount  which  the 
solid  gives  out  in  cooling  from  the  melting-point  to  the  increased 
temperature  of  the  liquid.  This  last  quantity  may  bo  easily  cal- 
culated when  the  speciJic  heat  of  the  solid  is  kiiowu.  From  the 
increased  temperature  and  weight  of  the  water,  we  can  also  easily 
calculate  the  amount  of  heat  which  the  water  has  gained ;  and  then 
the  difference  between  these  two  quantities  will  be  the  amount  of 
heat  which  the  liquid  gave  out  in  solidifying, — in  other  words,  the 
heat  of  fusion.     The  method  may  be  made  clear  by  an  example. 

In  order  to  determine  the  latent  heat  of  melted  tin,  25 
grammes  of  the  liquid  metal  at  its  melting-point  (238°)  were 
[toured  into  1,500  grammes  of  water  at  15°.  After  an  equilil>- 
rium  of  temperature  was  established,  a  thermometer  dipping  in 
tlie  wat«r  indicated  \^°Ao.  Hence  it  followed  that  the  water 
bad  gained  in  temperature  15°. 4.5  —  15°  =  0*.45,  and  must 
therefore  have  al>sorbcd  0.45  X  1.5  =  0.675  units  of  heat  (231). 
On  the  other  hand,  the  tin  had  lost  in  temperature  2-SS°  — 15° .45 
:s  222°. 65  ;  and,  sinco  the  sjiecific  heat  of  tin  is  equal  to  0.0562 
(page  4CG),  it  must  have  given  out,  in  cooUng  from  the  melting- 
point  after  solidifying,  222.55  X  0.025  X  0.0562=  0.313  units  of 
.Subtracting  tliis  quantity  from  0.675,  we  find  tlmt  the 
unt  of  licat  given  out,  in  solidifying,  by  25  grammes  of  tin, 
oal  to  0.SG2  units  ;  and  a  simple  calculation  will  show  that 
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one  kilogramme  of  the  melted  metal  would  give  out,  imder  fhi 
same  circumstances,  14.48  units  of  heat,  —  a  quantity  which,  bf 
definition,  is  the  heat  of  fusion  of  the  substance.  This  result 
corresponds  with  the  number  given  in  the  table  on  page  566. 

A  general  formula  for  such  calculations  may  be  readily  dented. 
Using  the  notation  of  (233),  and  also  representing  the  specific 
heat  of  the  substance  by  iV,  afid  tlie  required  heat  of  fusion  bj 
Xf  we  shall  have 

W  (tf  — 0  ^  w  .  N  .  (T— tf)  +  wx; 

that  is,  the  heat  which  the  water  lias  gained,  W  (^$  —  <),  is 
equal  to  the  heat  which  the  solid  has  lost  in  cooluig  from  its 
melting-point,  w  .  JV(T — tf),  plus  the  heat  which  the  liquid 
lost  in  solidifying,  w  x.     From  this  equation  we  get  the  value 

^  ^  r(^-0-^.jyr.(r-o) .  ^^^ ^ 

Here,  as  in  determining  the  specific  heat  of  a  substance,  it  is 
necessary  to  take  into  account  the  heat  absorbed  by  the  vessel  in 
which  the  experiment  is  conducted,  and  also  the  heat  lost  by 
radiation  and  from  other  causes.  In  order  to  insure  that  the 
temperature  of  the  liquid  is  at  its  melting-point  when  poured  into 
the  water,  it  is  best  to  pour  it  from  a  vessel  which  still  contains 
some  of  the  unm'elted  solid,  since  so  long  as  any  of  the  solid 
remains  unmelted  the  temperature  of  the  mass  is  constant  at 
the  melting-point.  In  other  respects,  the  experiment  may  be 
conducted  precisely  as  in  determining  the  specific  heat  of  a  sub- 
stance by  the  method  of  mixture  (233),  so  that  further  details 
are  unnecessary. 

(278.)  Person* s  Law.  —  It  has  already  been  stated  (234)  that 
the  specific  heat  of  the  same  substance  is  greater  in  the  liquid 
than  in  the  solid  state,  and  by  referring  to  the  table  on  page  475 
it  will  be  seen  that  the  difference,  which  is  very  considerable  in 
the  case  of  non-metallic  substances,  is  very  slight  in  the  case  of 
metals.  Moreover,  it  has  also  been  stated  that  a  liquid  may 
sometimes  be  cooled  several  degrees  below  the  normal  freezing- 
point  without  solidifying ;  and  it  is  a  possible,  although  not  a 
probable  supposition,  that  under  certain  circumstances  a  liquid 
might  be  reduced  to  the  lowest  possible  temperature  without 
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indergoing  this  change.  Let  us  now  assume  that  at  N  degrees 
)elow  zero  we  should  reach  the  lowest  possible  temperature,  or 
AsobUe  zeroj  a  condition  in  which  bodies  would  contain  abso- 
utely  no  heat,  and  let  us  suppose  that  we  start  at  this  tempera- 
;ure  with  one  kilogramme  of  any  given  substance  in  the  solid 
x>ndition,  and  one  kilogramme  of  the  same  substance  in  the 
Iquid  condition.  Also  let  us  represent  by  C  tlie  specific  heat 
>f  the  liquid,  by  C  the  specific  heat  of  the  solid,  and  by  T**  the 
normal  freezing  or  melting  point  of  the  substance.  If  then  we 
issume  —  as  we  may  without  any  great  probable  error —  that  the 
q)ecific  heat  does  not  vary  between  the  absolute  zero  and  T",  it 
follows  (232)  that  (i\r+  T)  C  units  of  heat  would  be  required 
to  raise  the  temperature  of  the  one  kilogramme  of  the  substance 
in  the  liquid  condition  from  the  absolute  zero  to  the  melting- 
point,  and  that  (iV+  T)  C'  units  of  heat  would  be  required  to 
raise  the  temperature  of  the  one  kilogramme  of  the  substance 
in  the  solid  condition  to  the  same  extent.  Furthermore,  it  is 
Bvident  that  the  first  of  these  expressions  represents  the  actual 
ijuantity  of  heat  which  one  kilogramme  of  the  substance  at  the 
melting-point  contains  in  the  liquid  state ;  and  the  second,  the 
quantity  of  heat  which  one  kilogramme  of  the  same  substance 
Dontains  at  the  same  temperature  in  the  solid  state.  Tlie  differ- 
enoe  between  these  quantities  is,  then,  the  number  of  units  of 
beat  which  would  be  required  to  convert  one  kilogramme  of  the 
substance  at  the  melting-point  from  tlie  solid  to  the  liquid  state; 
or,  in  other  words,  the  heat  of  fusion.  Representing  the  heat  of  . 
fusion  by  L,  we  have  L  =  CN+  T)  C—  (N+  T)  C,  which 
may  be  written 

L  =  (i\r+  T)  iC—Cy  [195.] 

K,  then,  the  theory  on  which  this  formula  is  based  is  cor- 
rect, it  follows  that  the  heat  of  fusion  of  a  substance  is  equal  to 
the  difference  in  the  specific  heat  in  the  two  states  of  aggrq^ 
tion,  multiplied  by  the  number  of  degrees  above  the  absolute 
lero  at  which  the  substance  melts.  By  giving  to  iV  the  value 
of  160°,  Person  found  that  the  heat  of  fusion  of  many  non- 
metallic  substances  calculated  by  the  above  formula  agreed  al- 
most precisely  with  the  results  of  direct  experiment,  as  is  shown 
by  the  fidknriDg  taUe : -~ 


662 


CHEMICAL  PHYSICS. 


Name  of 
BabotMUM. 

MoItlDg- 
Point. 

Spedfle  Heat  In 

lAlOBtlloit. 

BoUd  State. 

UquldBteto. 

OhmrmSL 

CUo^taAi 

Water,      . 
Phosphorus,  . 
Sulphur,    . 
Nitrate  of  Soda, 
Nitrate  of  Potassa, 

o 

•     0 

44.2 
115 
810.8 
839 

•    0.504 
0.1788 
0.20259 
0.27S21 
0.23875 

1.0000 

0.2045 

0.284 

0.418 

0.88186 

79.25 

6.034 

9.868 

62.975 

47.371 

79.20 
5.243 
9.350 

68.4 

46.462 

The  agreement  between  the  observed  and  calculated  results  is 
certainly  remarkably  close,  and  sustains  so  far  the  theory  on 
which  the  formula  is  based,  and  the  necessary  inference  from  it, 
that  the  absolute  zero  is  at  IGO""  below  the  Centigrade  zero. 
Whether,  however,  we  accept  the  theory  or  not,  it  is  evident  that 
the  formula  [195]  is  the  expression  of  an  empirical  law  with 
which  the  observed  facts  very  closely  agree. 

(279.)  This  law  of  Person,  however,  only  holds  true  in  regard 
to  non-metallic  substances.  In  the  case  of  the  metals,  where  the 
difference  in  the  specific  heat  in  the  two  states  of  aggregation  is 
exceedingly  small,  it  entirely  fails.  The  cause  of  this  failure 
Person  explains  as  follows. 

The  amount  of  heat  absorbed  by  a  solid  in  melting  is  not  solely 
the  quantity  necessary  to  supply  the  excess  of  specific  heat  in  the 
liquid  over  that  in  the  solid  state  ;  because,  in  addition,  a  certain 
quantity  of  heat  is  required  to  overcome  the  cohesive  force  by 
which  the  particles  of  the  solid  are  held  together  (275).  In  the 
case  of  non-metallic  substances,  where  the  tenacity  is  compara- 
tively slight,  the  quantity  of  heat  required  to  overcome  the  cohe- 
sion is  so  small  that  it  may  generally  be  neglected ;  and  the  heal 
absorbed  in  fusion  very  nearly  corresponds  to  the  increased  spe- 
cific heat  in  the  liquid  state.  In  the  case  of  the  metals,  on  the 
contrary,  the  amount  of  heat  required  by  the  increase  in  the 
specific  heat  is  very  small,  and  almost  the  entire  heat  of  fusion 
is  used  in  overcoming  the  very  great  tenacity  of  these  substances. 
Hence,  Person  argues  that  the  amounts  of  heat  required  to  melt 
one  kilogramme  of  each  of  the  different  metals  must  be  propor- 
tional to  the  work  to  be  done ;  in  other  words,  to  the  power  which 
must  be  used  in  overcoming  the  cohesion,  between  the  particles 
comprised  in  the  unit  of  weight.  This  power  would  be  measured 
by  the  coefficient  of  elasticity,  were  it  not  that  in  determining  this 
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constant  (101)  we  do  not  have  r^[ard  to  equal  weightn.  Tt  In 
evidently,  however,  a  function  of  this  coolficionti  aiul  IVnton 

represents  it  by  the  expression  JT  ( 1  H — ;—  ) ,  in  which  K 

is  the  coefficient  of  elasticity,  and  9  tlio  specific  gravity  of  the 
metal.  Representing  also  by  K^  the  coefficient  of  olantioity  of 
a  second  metal,  and  by  L  and  L'  the  corresponding  heat  of  niNioni 
we  obtain  the  proportion 

L:L'^k{i  +  ^):K'{i+J^).       [IIH..] 

This  formula  is  the  expression  of  a  second  law  which  may  Im 
fStms  stated  :  The  heat  of  fusion  of  metals  is  sensiblff  propor^ 
Hanoi  to  their  coefficients  of  elasticity  corrected  for  the  differ' 
ence  of  density. 

K  we  substitute,  in  [196],  for  L'j  K*^  and  i'y  the  known  vahios 
for  zinc,  taken  as  a  standard  of  comparison,  we  obtain  for  tlio 
heat  of  fusion  of  any  other  metal  the  value, 

L  =  0.001669  JT  (l  +  A) ;  [1»7  J 

and  the  heat  of  fusion^  calculated  by  tliis  formula,  agr^^^  ^*^ 
wen  with  the  observed  result.  As  tlie  value  of  L  [1(^'/J  in  \rtutf^A 
on  the  assumption,  that  the  heat  re^juire^l  t//  //vi^rcome  tb^  U^ 
nacity  of  the  solid  may  be  ne^ected^  so  [l^^J  m  pMtttM  fm  i\^ 
aflsamptioa  that  the  specific  heat  of  a  m^^  »  i}»h  m$t»h  in  t>»^ 
liquid  as  in  the  solid  state*  Evideritly,  bow^^^,  tti^  tni^  v%.hy,  ^4 
Lj  in  any  case,  dioold  include  both  tenvM,  —  thai  A^^^AiU% 
on  the  specific  beat,  as  well  as  that  ifff^Mhn^  on  tf^  t^ia/^iity. 
Hence  we  obtain  Penob^i  ^roberal  fermola  for  t^«e  beat  of  fr«^>r» 
ofanaolids, 

£=  (l«0-f  Tj  rc—  Cj  -r  O/MVA  JT  6  -  J  )-    f  I^J 

Li  the  ease  U  ft^  ■gfiiii  H^  int>  vrni  m7  '/t  A^>n:n^.  *f^  i^ 
Ae  erne  of  MOrsMseajbt  ffUMesme^  *jr^  mioMt  >  v-v^  "/  ^^^  «^>v 
end  tent  Titfrt  »%  mhncamuot.  'ar>"»«r»-»r-  4vr  vh;.Mv  -/-/A  v^:iw« 
haie  dcfiasK  i^itusi :  Vic  w^  iurre  ;uvc  jwt  ^7o^r-.;«i<»nr^  ^^^r^  ..; 
npxd  lm  Utem,  wiueji  v^yuii  'maivie  us  ^^^  )9f(  '^v^  S%rmn.A. 
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We  may  then  admit  that  the  heat  of  fusion  consists  of  two 
parts,  one  of  which  is  used  in  overcoming  the  force  of  cohesion, 
the  other  furnishing  the  additional  specific  heat  required  in  the 
liquid  state. 

We  have  heen  ahle  to  give  in  this  section  only  a  very  imperfect 
abstract  of  Person's  remarkable  investigations  on  this  subject, 
and  we  must  refer  the  student  for  further  information  to  the 
original  memoirs.* 

(280.)  Absolute  Zero.  —  If  Person's  theory  is  correct,  the 
absolute  zero,  as  we  have  seen,  is  situated  160  degrees  below  the 
Centigrade  zero.  This  theory  is  not  a  little  confirmed  by  the 
remarkable  results  obtained  by  Pouillet,t  with  an  instrument 
called  an  actinometer^  in  regard  to  the  temperatures  of  the  celes- 
tial space.  If  we  eliminate  the  effects  of  the  rays  of  the  sun,  it  is 
evident  that  the  temperature  of  the  space  around  the  earth  most 
be  very  near  the  absolute  zero ;  for  this  space  is  traversed  only  by 
the  rays  of  the  stars,  which,  coming  fi*om  such  immense  distances, 
are  exceedingly  feeble ;  and  Pouillet  has  concluded,  from  his 
experiments  and  from  various  terrestrial  phenomena,  that  this 
temperature  must  be  between  the  limits  of  — 175**  and  — 115*,  at 
the  same  time  fixing  on  — 142**  as  the  most  probable  value.  On 
the  other  hand,  Cldment  and  D^sormes  fixed  on  — 273**  as  the 
absolute  zero,  on  the  ground  that,  since  the  permanent  gases 
expand  for  each  degree  of  temperature  ^fj  of  their  volume  at 
0**,  the  amount  of  contraction  when  the  temperature  was  reduced 
to  — 273**  would  be  equal  to  the  initial  volume,  and  the  gases 
would  cease  to  exist.  Moreover,  since  a  gas  heated  from  0** 
to  273**  doubles  its  volume,  they  thought  it  evident  that  the 
quantity  of  heat  added  must  be  equal  to  that  contained  in  the 
primitive  volume. 

Even  if  matter  can  exist  without  heat,  which  there  is  great  rea- 
son to  doubt,  it  is  impossible  to  predict  what  would  be  its  condition 
under  such  circumstances.  It  is  supposed  by  some,  who  hold 
the  atomic  theory,  that  the  molecules  of  matter  would  be  brought 
into  absolute  contact,  and  that  phenomena  of  a  new  and  unex- 
pected nature  would  appear.  The  violent  explosion  experienced 
by  Chenot,  while  submitting  silver  in  powder  to  a  pressure  of 

*  Annales  de  Chimie  et  do  Phjsiqoe,  3*  Sdrie,  Toia.  XXI.,  XXIV^  XXVIL 
t  Comptes  Bendas,  Tom.  VIL  p.  56. 
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)  hundred  atmospheres  in  an  liydraulie  press,  is  froqiicnlly 

this   contioction.      But   tliese   arc   lucro   a££uni[ili<>ns, 

Iwo  are  as  yet  far  from  having  realized  experimentally  an 

of  heat.     Tlic  lowest  temperature  ever  observed 

ilie  arctic  region  is  — 57',  and  tlia  lowest  we  can  artificial- 

—140° ;  at  these  temfteratures  several  liquids  still 

,  their  lliiiil  condition,  which  could  hardly  he  the  case  if 

■had  removed  tlie  greater  part  of  the  heat  which  they  coii- 


Cliangc  of  Slate.  —  Liqvidx  to  Gases. 

t81.)  Boiling'- Point.  —  It  has  Wen  shown,  that,  when  a  solid 
Kited  to  fiu<;!i  a  tcuiperatiire  that  the  expansive  force  of  heat 
feen  its  jiarticlcs  is  equal  to  the  cohesive  force,  it  melts.  If 
iqiiid  bo  now  heated  above  its  melting-point,  the  expansive 
)  will  bocomo  greater  than  the  coliesive  force,  and  by  con- 
bg  to  raise  the  tcmpcraturo  we  shall  finally  attain  to  a  point 
"le  excess  of  expansive  force  is  equal  to  the  atmospheric 
,  Then  we  have  the  condition  of  a  gas,  and  a  phe- 
1  presents  itself  which  we  term  boiling.  Bubbles  of  gas 
I  beneath  the  surface  of  the  fluid,  and  rise  tumultuously 
high  its  mass. 

s  phenomenon  can  best  be  studied  by  heating  water  in  a 
B  flask  over  the  flame  of  a-spirit-lamp.     Tlie  first  action  of  the 
It  is  to  expand  the  portion  of  the  liquid  immediately  in  contact 
I  the  bottom  of  (he  vessel,  which,  becoming  specifically  lighter, 
■  and  givea  place  to  colder  water,  which  is  heated  and  rises  in 
;  and  thus  a  circulation  is  established  by  which  each  par- 
fa  of  liquid  is  brought,  lu  its  turn,  in  contact  with  tlie  heated 
Ab  the  temperature  of  the  mass  rises,  the  air  which  is 
tlved  in  tlic  wat«r  separates  in  bubbles  on  the  inner  surface 
)  flask  (compare  page  396),  and  tJiese,  when  they  have  at- 
I  sufficient  size,  disengage  lliemselves  and  escape  through 
liquid.     They  are  followed  by  bubbles  of  steam,  which  form 
po  heated  surface  of  the  flask,  where,  in  consequence  of  the 
•  proximity  of  the  source  of  heat,  the  temperature  is  higher 
.  that  of  the  mass  of  the  liquid  ;   but  as  the  bubbles  riso 
Ugh  the  cooler  water  above,  they  are  condensed,  and   the 
[  produced  by  the  sudden  collapse  gives  rise  to  a  peculiar 
48 
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noise,  an  instance  of  which  appears  in  the  singing  of  a  tefrfaide. 
After  the  whole  mass  of  water  has  been  heated  to  100^,  the  bab- 
bles of  steam  are  no  longer  condensed,  but  rise  to  the  sur&oe 
and  break,  allowing  the  steam  to  escape ;  and  as  the  tension  of 
this  steam  is  equal  to  the  pressure  of  the  air,  it  drives  out  the 
air  from  the  upper  part  of  the  flask,  and  takes  its  place. 

What  is  so  familiar  in  the  case  of  water,  is  equally  true  of 
other  liquids.  There  is  for  each  a  temperature  at  which  Ae 
expansiye  force  of  heat  becomes  equal  to  the  pressure  of  the 
air^  and  at  which  this  phenomenon  of  boiling  invariably  appears. 
This  temperature,  which  is  constant  for  the  same  substance  under 
the  same  atmospheric  pressure,  is  called  the  boiling-point.  As 
the  boiling-point  varies  with  tlie  atmospheric  pressure,  it  is  neces- 
sary, in  describhig  the  boiling-point  of  a  substance,  to  state  the 
pressure  under  which  it  was  observed.  In  the  following  table, 
the  boiling-points  of  some  of  the  best-known  liquids  are  given  for 
the  mean  pressure  of  76  cm.:  — 


BoUxng-PoinU  under  the  Pressure  of  7^  cm. 


Protoxide  of  Nitrogen,     . 

—105 

Alcohol, 

.    78 

Carbonic  Acid, 

—78 

Water,     . 

100 

Cyanogen, 

—22 

Nitric  Acid  (1.42),       . 

.    120 

Sulphurous  Acid, . 

—10 

Oil  of  Turpentine,    . 

157 

Chloride  of  Ethyle,  . 

+11 

Phosphorus, 

.    290 

Common  Ether,    . 

.      35 

Sulphuric  Acid  (1.843), 

325 

Sulphide  of  Carbon, 

47 

Mercury, 

.    850 

Bromine, 

.       63 

Sulphur, 

440 

Chloroform, 

63 

The  influence  of  pressure  upon  the  boiling-point  of  liquids  may 
be  illustrated  by  a  great  variety  of  experiments.  If  we  place  a 
glass  of  lukewarm  water  under  the  receiver  of  an  air-pump  and 
exhaust  the  air,  the  water  will  at  once  begin  to  boil  violently. 
The  same  experiment  may  be  tried  even  more  simply  in  the  fol- 
lowing way. 

Take  a  glass  flask,  to  which  a  cork  has  been  carefully  fitted, 
fill  it  about  one  half  full  of  water,  and  heat  the  water  to  boiling 
by  means  of  a  spirit-lamp.  When  the  water  is  boiling  rapidly, 
and  the  upper  part  of  the  flask  is  filled  with  steam,  remove  the 
lamp  and  quickly  insert  the  cork.     If  now  the  flask  is  inverted 
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1  cold  water  poured  upon  it,  as  represented  in  Fig.  403,  the 
ling  will  be  renewed,  and  continue  for  some  time. 
Fliis  apparent  paradox  of  boiling  water  by  cold  is  tliiis  ex- 
cited.    The  cold  water  condenses   tlie  steam,  prodiiLuig  a 
miiim  in  tlie  upper  part  of  tlic  flask,  and,  the  pressure  ef  the 
I  abnospliGre  being  thus  removed,  the  water 
continues  to  boil  at  a  greatly  dlniinislied 
temperature.     In  the  experiment  of  Leslie, 
hereafter  to  bo  described,  water  is  made  to 
Ixtil  at  it5  freezing-point.     Common  ether 
boils   under  the   receiver  of  an   air-pump, 
from  which  the  air  has  been  partially  ex- 
hausted, with  explosive  violence,  even  at 
the    lowest    natural    temperatures.      Such 
exiieriments  as   these   may   be   multiplied 
indefinitely. 

The  ordinary  variations  of  atmospheric 
pressure  exert  a  very  sensible  influence  on 
the  boiling-point  of  water.  The  extreme 
heights  of  the  barometer  observed  at  Paris 
for  the  last  thirty  years  have  been  71 .9  cm.  n«  tea. 

and  78.1  c.  ra.  Under  the  first  pressure, 
water  boils  at  98° .5,  under  the  second,  at  100*. 8  ;  so  that  the 
l>oiUng-point  is  liable  to  a  variation  of  about  two  degrees  at  that 
place.  Bcnce  tlie  importance  of  regarding  the  height  of  the 
barometer  in  determining  the  boiling-point  on  the  scale  of  the 
thermometer  (218).  Much  greater  variations  in  the  boiling- 
point  than  tlieso  arise  from  ditferences  of  pressure  at  different 
elevations  on  the  earth's  surface.  At  the  city  of  Quito,  which  ia 
at  an  elevation  of  2,908  metres  above  tJie  level  of  the  sea,  and 
where  tlie  mean  barometric  pressure  is  equal  to  52.7  c.  m.,  water 
boiU  at  W.l.  At  the  city  of  Mexico,  at  an  elevation  of  2,277 
metres  and  under  a  pressure  of  57.2  c.  m.,  it  boils  at  92'.3. 
Boiling  water  is  not,  therefore,  equally  hot  at  all  places  of  the 
earlli.  At  high  elevations,  as  at  Quito,  for  example,  its  tempera- 
ture is  much  too  low  for  cooking  many  substances  which  can  be 
cooked  at  one  hundred  degrees. 

1  follows  from  tlie  facts  already  stated,  that  a  difference  of 
I  of  0.25  c.  m.  will  cause  a  difference  in  tlie  boiling-point 
of  one  tenth  of  a  degree  ;  ko  that  from  tlio  boiling-point 
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of  water,  determined  with  accuracj,  we  can  ascertain  the  pr» 
sure  of  the  atmosphere  at  tlie  time.  An  instrument  has  beea 
constructed  for  this  purpose,  consisting  essentially  of  a  very  ddi- 

cate  thermometer,  made  witli  an  enlargement  in  the 
centre  of  the  stem,  as  represented  in  Fig.  848.  Ill 
scale  is  limited  to  five  or  six  degrees  aroimd  the 
freezing-point  and  eight  or  ten  degrees  around  the 
boiling-point,  and  each  degree  is  subdivided  into 
one  hundred  parts.  This  instrument  is  much  more 
portable  than  a  barometer,  but  on  account  of  die 
shifting  of  the  zero  point,  to  which  even  the  most 
carefully  constructed  thermometers  are  liable,  it  ii 
much  inferior  to  it  in  accuracy.  A  metallic  vessd 
and  a  lamp  for  boiling  the  water  accompany  the  in- 
strument (Fig.  404). 

(282.)  Variations  of  the  Boiling-PoiM.  —  The 
boiling-point  of  liquids  is  influenced  by  other  cir- 
cumstances, whose  action  is  not  so  readily  explained 
as  that  of  the  atmospheric  pressure.  Thus  a  sub- 
stance dissolved  in  a  fluid  more  volatile  than  itself 
increases  the  boiling-point  in  proportion  to  the 
amount  dissolved.  Water,  for  example,  which  boils 
at  100**  when  pure,  boils  only  at  a  considerably 
higher  temperature  when  it  contains  salt  in  solution,  viz. :  — 


l\ 


Fig.  404. 


Water  saturated  with  Common  Salt, 

Nitrate  of  Potash,     . 
Carbonate  of  Potash, 
Nitrate  of  Lime, 
Chloride  of  Calcium, 
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BoUlDff-Poiot 
.      109* 
116 

.     135 

151 

.     179 


Substances,  however,  held  simply  in  suspension,  like  shavings  of 
wood  or  earthy  particles,  do  not  alter  the  boiling-point. 

Again,  Gay-Lussac  observed  that  water  boiled  in  a  glass  vessel 
at  a  higher  temperature  than  in  a  metallic  vessel ;  and,  more  re- 
cently, Marcet  has  established,  flrst,  that  water  boils  in  a  glass 
vessel  coated  with  sulphur  or  gum-lac  at  a  temperature  a  little 
less  than  in  a  metallic  vessel ;  secondly,  that  in  a  glass  vessel  the 
boiling-point  of  water  is  V*  or  1**.25  higher  than  in  a  metallic 
vessel  ;  thirdly,  that  after  sulphuric  acid  has  been  boiled  in  a 
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glass  £ask,  tlio  boiling-point  is  increased  to  a  much  greater  extent 
tliun  before,  tliis  increase  sometiincs  amounting  to  live  or  six 
degrees.  By  tlirowing  into  the  watJir,  in  either  of  tlioEe  cases, 
pieces  of  raotal,  the  boiUng-point  is  at  once  reduced  to  100°, 
Tlie  same  variation  of  the  boiling-point  in  glass  vessels  taJces 
place  with  other  liquids  as  welt  as  water,  and  with  some  of  them 
to  a  much  greater  extent.  It  is  only  in  metallic  vessels  that  the 
boiUng-point  is  regular. 

It  follows  from  wliat  lias  been  said,  that  in  any  ease  the  expan- 
sive force  of  the  vapor  formed  during  boilhig  is  equal  to  the 
pressure  to  which  the  liquid  is  exposed,  and  it  is  also  true,  that 
the  temperature  of  the  vapor  is  the  same  as  that  of  the  boiling 
liquid.  Two  tiicrmometers,  tlie  bulb  of  one  dipping  under  the 
surface  of  a  boiliug  liquid,  and  tlie  other  immersed  in  the  vapor 
just  above  it,  will,  therefore,  always  indicate  the  same  temper- 
ature, unless  tho  boiling-point  has  been  unnaturally  increased  by 
one  of  tho  causes  just  mentioned. 

(283.)  Determination  of  the  Boili)tg- Point.  —  The  causes 
mentioned  iu  tlie  last  section,  which  influence  tho  temperature 
of  the  boiling  liquid,  do  not  affect  at  all,  or  affect  very  sliglitly, 
the  temperature  of  the  vapor  which  rises  from  it.  This  at  once 
adjusts  itself  to  the  pressure  of  Uie  atmosphere,  and  is  always 
constant  for  the  same  liquid  under  Uio  same  pressure.  UenCQ 
the  temperature  of  the  vapor  is  more 
fixed  than  that  of  the  liquid,  and  it  is 
for  tliis  reason  that,  in  graduating  a 
mercury-tlieriuoineter,  the  tube  is  ex- 
posed to  tho  steam  from  toiling  water, 
and  not  dipped  into  the  liquid  itself. 
So  also,  ht  determining  tlie  boiling-point 
of  other  liquids,  it  is  always  best  to 
measure  the  temperature  of  the  vapor, 
and  not  that  of  the  liquid,  tjiking  care 
that  the  pressure  of  tlie  atnioi^phere  is 
transmitted  freely  to  its  surface  while 
boiling.  The  arrangement  represented 
in  Fig.  405  is  very  well  suited  to  this 
purpose,  the  size  of  the  glass  boiler 
being  adapted  to  t)io  circumstances  of 
the  case.  Wheu  the  liquid  under  experiment  i 
48- 
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loss  can  be  avoided  by  connecting  the  exit-tube  with  a  Lidn^i 
condenser  (see  Fig.  416). 

(284.)  Formation  of  Vapor  of  Low  or  ESffh  Tension.  —  The 
vapors  or  gases  which  are  formed  during  the  boiling  of  liquids 
have  always  the  same  tension  as  the  atmospheric  air,  and  are 
therefore  able  to  retain  their  gaseous  condition  when  exposed  to 
its  pressure.  It  is  the  formation  of  vapors  of  this  kind  that  ve 
have  considered  in  the  preceding  sections.  Liquids,  however, 
yield  vapors  both  of  a  lower  and  of  a  higher  tension  than  that  of 
the  atmosphere,  and  we  propose  next  to  consider  the  conditions 
and  laws  under  which  these  are  formed. 

In  order  to  make  the  conditions  as  simple  as  possible,  let  us 
suppose  a  vessel  having  the  capacity  of  one  cubic  metre,  and  let 
us  dispose  in  it  a  barometer  and  thermometer,  so  that  we  can 
observe  the  tension  and  temperature  of  the  confmed  gas.  More- 
over, let  us  pour  into  it  a  few  kilogrammes  of  water  and  perfectly 
exhaust  the  air.  If  now  we  expose  this  vessel  to  various  tem- 
peratures, it  will  be  found,  first,  that  for  every  given  temperature 
a  certain  fixed  weight  of  water  will  evaporate,  and,  secondly,  that 
the  vapor  thus  formed  will  have  a  certain  definite  tension  which 
is  invariable  for  that  temperature.  If  we  increase  the  tempera- 
ture, the  weight  of  the  vapor  formed  will  be  greater,  and  the 
tension  greater.  If  we  diminish  it,  the  weight  will  be  less  and 
the  tension  less,  provided  always  that  some  liquid  water  remains 
in  the  vessel.  The  table  on  the  opposite  page  gives  for  each 
temperature,  first,  the  weight  of  vapor  in  grammes  which  the 
cubic  metre  will  contain,  and,  secondly,  the  tension  of  the  vapor. 

By  inspecting  this  table,  several  remarkable  facts  will  be  dis- 
covered. It  will  be  seen,  in  the  first  place,  that  a  very  sensible 
amount  of  water  will  evaporate  even  at  a  temperature  of  ten 
degrees  below  the  freezing-point,  when,  of  course,  the  water  in 
the  vessel  is  in  the  state  of  ice.  In  the  second  place,  it  will  be 
noticed  that  the  tension  of  the  vapor  is  less  than  the  pressure 
of  the  atmosphere  for  all  temperatures  under  100*,  and  greater 
than  the  pressure  of  the  atmosphere  for  all  temperatures  above 
100° ;  so  that  for  all  temperatures  under  100**  the  pressure  ex- 
erted by  the  vapor  on  the  inner  surface  of  the  vessel  is  less  than 
the  atmospheric  pressure  on  the  outside,  while  for  all  tempera- 
tures over  100®  it  is  greater.  In  the  third  place,  it  will  be 
noticed  that  at  100^  the  tension  is  exactly  equal  to  76  c.  m,  the 
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Tetuian  of  the  Vapor  of  Watery  according  to  JRegnauU. 


tart. 

OntiflMtnt. 

WflfahtoT 
ICnMoMttrt. 

Ttmp«r»* 
turt. 

Ttotloaln 
Ctntinivtrat. 

W«kht  of 
1  Cuble  M«(rt. 

—10 

0.2078 

2.284 

+38 

3.7410 

35.836 

9 

0.2261 

2.476 

84 

3.9566 

37.249 

8 

0.24M 

2.679 

86 

4.1827 

89.252 

7 

0.2668 

2.897 

40 

5.4906 

50.700 

• 

0.2890 

8.129 

46 

7.1391 

64.S84 

6 

0.8181 

8.377 

60 

9.1982 

82.302 

4 

0.8387 

3.640 

56 

11.7478 

103.61 

8 

0.8662 

8.920 

60 

144)791 

129.18 

2 

0.3965 

4.219 

65 

18.6946 

169.84 

—1 

0.4267 

4.535 

70 

23.8093 

196.38 

0 

0.4600 

4.871 

75 

28.8517 

239.59 

+1 

0.4940 

5.212 

80 

36.4648 

290.81 

a 

0.6302 

6.574 

86 

48.3041 

349.58 

8 

0.6687 

6.957 

90 

52.5450 

418.27 

4 

0.6097 

6.363 

95 

63.3778 

497.64 

6 

0.6684 

6.795 

100 

76.  —  1  At. 

688.78 

• 

0*6998 

7.251 

120.6 

2AfMtpli. 

1115.8 

7 

0.7492 

7.736 

13.3.9 

3          M 

1618.9 

8 

0.8017 

8.247 

144.0 

4           M 

2106.1 

9 

0.8674 

8.789 

152.2 

5          M 

26hl.9 

10 

0.9166 

9.362 

159.2 

6       « 
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pressure  of  the  atmosphere.  Tliis  is  the  boiling-point  of  water, 
the  temperature  at  which  bubbles  of  steam  can  form  beneath  the 
surface  and  rise  to  the  top  without  being  condensed.  Lastly,  it 
will  be  noticed  that  above  100''  the  tension  of  the  vapor  increafies 
very  rapidly  with  the  temperature  ;  so  that  at  12V  A  it  is  equal 
to  2  atmospheres,  or  twice  the  pressure  of  the  atmosphere,  and  at 
201''. 9  to  16  atmospheres.  Steam  of  greater  tension  than  the 
atmospheric  pressure  is  called  higlhpressure  steamy  and  it  b  this 
condition  of  steam  which  is  found  above  the  water  in  a  steam- 
boiler,  and  which  is  used  with  so  much  effect  in  the  steam- 
engine. 

(285.)  Dalton^s  Apparatus. — The  experiment  described  above, 
for  determining  the  tension  and  weight  of  a  cubic  metre  of  the 
vapor  of  water  at  different  temperatures,  was  merely  devised  for 
simplicity  of  illustration.  In  order  to  obtain  even  approximate 
results,  it  is  necessary  to  experiment  in  a  different  manner  and 
on  a  very  much  smaller  scale.  The  tension  of  the  vapor  of  water 
between  0®  and  100®  can  be  measured  quite  accurately  by  means 
of  a  common  barometer-tube.  If  the  tube  is  iilled  with  mercury 
and  inverted,  as  described  in  (157),  the  column  of  mercury  will 
stand  in  the  tube  at  the, height  of  76  cm.,  more  or  less,  above 
the  mercury  in  the  basin,  according  to  the  varying  pressure  of 
the  air.  Suppose,  now,  that  we  fill  the  tube  again  with  mercury, 
only  adding  at  the  top  a  few  drops  of  water,  and  invert  it  as 
before.  The  water  will  of  course  rise  to  the  surface  of  the  mer- 
cury, and  a  portion  of  it,  varying  with  the  temperature,  will 
evaporate  into  the  vacuum  above.  This  vapor  will  exert  a  certain 
pressure,  and  depress  the  mercury-column  ;  the  amount  of  the  de- 
pression will  be  equal  to  the  difference  between  the  present  height 
of  the  column  and  that  of  the  barometer  at  the  beginning  of  the 
experiment.  Moreover,  it  will  be  exactly  the  same  as  the  height 
to  wliich  tlic  vapor  would  raise  the  mercury  of  a  barometer,  if  im- 
mersed in  it,  and  will  therefore  be  the  measure  of  the  tension. 

The  apparatus  used  by  Dalton  in  his  determinations  of  the 
tension  of  the  vapor  of  water,  and  based  on  the  principles  just 
explained,  is  represented  in  Fig.  406.  It  consists  of  two  barom- 
eter-tubes dipping  into  tlie  same  basin  of  mercury.  The  first  of 
these  tubes,  ,8,  is  a  perfect  barometer.  The  second,  il,  is  a  bar 
remoter  with  a  small  amount  of  water  above  the  mercury-column. 
These  two  tubes  are  enclosed  in  a  tall  glass  cylinder,  standing  in 
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I  bftsiij  of  mercury  and  611ed  with  water,  whose  temperature 

n  be  rtgiilated  by  means  of  the  furuace  below.     This  temperar 

ro,  observed  by  means  of  the  ther- 
momeler  T  coiivenioiitly  disposed,  13 
of  course  the  common  temperature  of 
"  e  two  barometers  and  of  tlie  vapor  at 

B  top  of  the  second.  In  order,  then, 
f  determine  the  elastic  force  of  tliis 
Tkpor,  it  is  only  necessary  to  meas- 
ure Uie  difference  of  height  of  the 
two  cohimus,  since  this  height  re- 
duced to  0°  b  the  measure  of  its 
tension. 

The  apparatus  of  Dalton  can  be 
used  so  long  as  the  elastic  force  of 
die  Tapor  does  not  exceed  the  pres- 
sure of  Uie  atniospliero.  Wlien  the 
tension  is  equal  to  76  c,  m.,  the  sur- 
lace  of  the  mercury-cohiran  will  be 
depressed  to  tlie  level  of  the  mercury 

ttbe  basin,  and  the  experiment  is 
en  end.     In  order  to  continue  tJie 
ermination   aboye   this   point,  we 
can  use  a  siplion-  ru  «m 

tube,  inverted  and 
closed  at  the  shorter  end,  as  represented  in  Pig. 
407.  The  tube  ia  filled  with  mercury,  with 
the  exception  of  a  small  amount  of  water 
above  the  mercury  in  tho  shorter  branch,  and 
heated  in  an  oil-bath.  The  tension  of  the 
vapor  is  endently  equal,  at  each  moment,  to 
the  pressure  of  the  atmosphere  increased  by 
tlie  weight  of  (he  column  C  D. 

On  account  of  the  difficulty  of  preserving  a 
constant  and  uniform  temperature  throughout 
the  whole  height  of  the  cylinder  of  water,  the 
method  of  Dalton  is  not  calculated  to  pvo 
accurate  results,  althoagh  in  a  modified  form 
it  was  used  by  Regnault  with  great  success  for 
temperatures  between  0'  and  60°.    The  two 
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forms  of  apparatus  just  described  may,  however,  be  used  for 
illustration  with  advantage  ;  only  in  this  case  it  is  as  well  to 
substitute  for  the  water  some  more  volatile  liquid. 

(286.)  MarceVs  Globe.  —  The  tension  of  the  vapor  of  water 
above  100°  may  be  roughly  estimated  by  means  of  the  apparatus 

represented  in  Fig.  408.  It  consists  of  a  stoat 
brass  globe  containing  water,  and  serving  as  a 
boiler.  Through  a  tighf  packing-box  passes 
a  glass  manometer-tube  of  about  a  metre  in 
length,  whose  lower  end  opens  under  mercarj 
resting  on  the  bottom  of  the  brass  boiler.  The 
globe  has  also  two  other  openings ;  one  of  these 
may  be  closed  by  a  stopcock,  and  through  the 
other  passes  the  tube  of  a  thermometer,  having 
its  bulb  within  the  globe.  On  commencing  the 
experiment,  the  water  is  boiled  for  some  time 
in  order  to  expel  all  the  air,  and  the  stopcock  is 
then  closed.  At  this  moment  the  temperature 
of  the  steam  is  100°,  and  the  tension  76  c.  m. 
more  or  less,  according  to  the  pressure  of  the 
air.  As  soon,  however,  as  the  steam  is  pre- 
vented from  escaping  freely,  the  temperature 
of  the  globe  will  begin  to  rise,  and  at  the  same 
time  the  tension  of  the  confined  steam  will 
increase,  raising  the  mercury  in  the  manome- 
ter-tube. For  any  temperature  indicated  by 
the  thermometer,  the  corresponding  tension 
of  the  vapor  will  be  found  by  adding  to  the 
height  of  the  barometer  for  the  time  being  the  height  of  the 
mercury  in  the  tube,  measured  by  a  scale  provided  for  the  pur- 
pose. This  apparatus,  like  the  last,  is  only  calculated  for  illus- 
tration, and  yields  but  approximate  results. 

(287.)  Apparatus  of  Gay-Lussac,  —  For  measuring  the  ten- 
sion of  the  vapor  of  water  below  zero,  Gay-Lussac  employed  the 
apparatus  represented  in  Fig.  409.  It  consists,  like  the  appara- 
tus of  Dalton,  of  two  barometer-tubes  filled  with  mercury,  the 
open  ends  dipping  under  mercury  in  the  same  basin ;  one  of 
these.  Ay  which  is  straight,  and  perfectly  freed  from  air  and  mois- 
ture by  boiling  the  mercury  in  the  tube,  serves  to  measure  the 
pressure  of  the  air ;  the  other  contains  a  few  drops  of  water  above 
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the  mcrcmy-coliunn,  and  its  closed  end  is  bent  so  that  it  can  be 
surrounded  by  a  freezing  mixture,  as  represented  in  the  fi^iro. 
A  thennometor,  t,  indicates  tlie  temperature  of  the  vapor  above 
the  mercury-column,  and  the  tension  of 
this  vapor,  corresponding  to  each  temper- 
ature, is  readily  determined  by  measur- 
ing witli  a  cathetometcr  the  difference  of 
level  of  the  mercury  in  the  two  tubes  A 
and  C.  It  will  be  noticed  at  once,  that 
only  a  portion  of  the  vapor  in  the  tube  C 
is  exposed  to  the  freezing  mixture  ;  but 
it  is  an  established  principle  of  hygrom- 
etry,  that,  tnhen  the  temperatures  of  two 
vessels  communicating  wiih  each  other 
are  unequal,  the  tension  of  the  vapor  is 
the  same  ia  both,  and  is  always  that 
which  corresponds  to  the  lowest  temper- 
ature. The  application  of  this  principle 
in  the  above  method  is  evident. 

(288.)  Apparatus  of  Regnault.— The 
accurate  determination  of  the  tension  of 
the  vapor  of  water  at  high  temperatures 
ia  attended  wilh  great  difficulties ;  but 
on  account  of  the  importance  of  the  sub- 
ject, arising  from  its  connection  with  the  .  rg, «». 
Btcam-engijie,  no  subject  has   been  the 

object  of  more  careful  scientific  investigation.  It  was  first  care- 
fully investigated,  in  1830,  by  a  commission  of  the  French  Acad- 
emy, consistuig  of  Arago  and  Dulong  ;  and  more  recently  it  has 
been  reinvestigated  by  Regnault  wilh  his  usual  perseverance  and 
skill.  The  results  of  his  investigations  were  published  in  the 
twenty-first  volume  of  the  Memoires  de  V  Academic  des  Sciences, 
t«  which  we  liave  so  frequently  had  occasion  to  refer  in  these 
pages.  Indeed,  the  determinations  made  by  Kcgnault  of  the 
compressibility  of  gases  (165),  of  their  coefficients  of  expansion 
(261),  and  of  the  coefficients  of  expansion  of  mercury  and  glass 
(250  and  254),  were  merely  preliminaries  to  this  main  investi- 
gation. 

For  temperatures  below  60°,  Ecgnault  made  use  of  the  same 
^method  as  Dalton,  but  modified  bis  apparatus  so  as  to  avoid  the 
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cause  of  error  mentioned  in  (285).  The  apparatos,  u  tiiu 
modified,  is  represented  in  Fig.  410.  The  open  ends  of  the  two 
baromctor-tubcs  t  and  f  dip  into  the  Bame  basin  of  mercuiT, 
vliich  is  furnished  with  an  a^justiog- 
Bcrev,  O,  similar  to  that  described  in 
(159).  The  upper  ends  of  these  tubes 
are  enclosed  vithin  a  cylindrical  vessel, 
V,  made  of  sheetr-metal,  and  provided 
with  a  glass  &ont,  through  which  tba 
height  of  the  mercuTy-columns  ma; 
he  observed.  The  tubes  pass  through 
tubulatures  in  the  bottom  of  the  vessel, 
and  are  secured  in  their  places  b; 
india-nibber  connectors.  The  vessel 
V  is  filled  with  water,  and  its  tempera- 
ture is  readilj  kept  constant  and  luti- 
form,  at  any  point  below  60",  by  means 
of  a  spirit-lamp  and  by  constant  agita- 
tion. 

In  one   series  of  experiments,  Reg- 
nauU  employed  two  simple  ba^omctc^ 
n«.flo.  tubes,    one    filled    with    perfectly    dry 

mercury,  and  the  other  containing,  in 
addition,  a  small  quantity  of  water  above  the  mercury-column. 
For  each  temperature  of  the  bath  as  indicated  by  the  ihcrmom- 
ctcr,  T,  ho  determined  the  difference  of  level  of  the  mercury  in 
the  two  barometer-tubes.  This  height  reduced  to  0°  was  eri- 
dentty  the  measure  of  the  tension  of  tlie  vapor. 

In  anotlier  series  of  experiments,  he  connected  with  the  upper 
end  of  the  barometer- tube  (,  by  means  of  a  copper  connector,  a 
glass  globe,  B,  liaving  a  capacity  of  about  500  cTjo.'.  A  branch 
of  this  connector,  e  i,  served  also  to  connect  the  globe  with 
an  air-pump,  through  a  U  tube,  n,  filled  with  pieces  of  pumice- 
stone  moistened  with  sulphuric  acid ;  but  before  finally  adjusting 
the  apparatus,  a  small  glass  bulb,  completely  filled  with  water 
and  hermetically  sealed,  was  introduced  into  the  glass  globe. 
After  the  adjustments  were  completed,  the  interior  of  the  globe 
was  first  perfectly  dried  by  exhausting  the  air  and  allowing  it  to 
re-enter  a  great  number  of  times  throi^h  the  tubes  e,  i, ».  It 
was  then  exhausted  for  the  last  time  as  perfectly  as  possible,  and 
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the  tube  i  hermetically  sealed  by  the  flame  of  a  blowpipe.  Tlio 
globe  was  next  surrounded  by  melting  ice,  and  the  tension  of  the 
small  amount  of  air  left  in  it  carefully  determined  by  measuring 
with  a  cathetometer  the  difference  of  level  of  the  mercury  in  the 
two  barometers.  The  ice  having  been  removed,  some  pieces  of 
burning  charcoal  were  now  brought  near  the  bottom  of  the  globe, 
so  as  to  break  the  glass  bulb  within  and  liberate  the  water,  which 
at  once  evaporated,  and  filled  the  globe  and  the  upper  part  of  the 
barometer-tube  i  with  vapor.  It  only  remained  then  to  fill  the 
vessel  V  with  water,  and  to  heat  the  bath  to  different  tcmpt^mr 
tures,  when  the  depression  of  the  column  of  mercury,  measurod 
in  the  usual  way,  gave  the  tension  of  the  vapor  corro8i)on(iiiig  to 
each  temperature. 

It  has  been  already  stated,  that  the  use  of  the  apparatus  jiint 
described  is  limited  to  temperatures  below  GO*.  In  order  to  de- 
termine the  tension  of  the  vapor  of  water  at  higher  tcmixsratureH, 
Begnault  resorted  to  an  entirely  different  method.  We  liuvo 
before  seen  (282)  that  the  temperature  of  the  va])or  rising  from 
a  boiling  liquid  is  the  same  as  that  of  the  liquid,  and  that  itM 
tension  is  always  equal  to  the  pressure  to  which  the  li(|ui(l  in 
exposed.  By  boiling  water,  then,  under  different  prcNKunjM,  and 
determining  the  temperature  at  which  it  Ixiils,  we  shall  havn  at 
once  the  tension  of  the  vapor  corrcMfionding  U)  cacli  ti$m(Hsra- 
ture.  The  apparatus  repre«ented  in  Fig.  411  waji  im:d  by 
Begnault  for  this  purpose.  It  consists  of  a  c^ipfHsr  boil<;r,  6', 
comiected  by  the  tube  A  B  with  a  large  glolnj,  M,  and  furthur 
connected  by  the  flexible  hose  ////'  with  an  air-pump,  by  which 
the  pressure  on  the  surface  of  the  wat^^r  in  the  Iniibsr  may  Us 
varied  at  pleasure.  This  steam,  as  it  ri«'M  from  the  l>oil<;r,  in 
condensed  in  the  tulje  A  B^  which  is  k^tpt  surrounded  by  vjAA 
water  for  tlie  pnrpo.se,  and  ttie  tem[¥!rature  of  the  ^loUs  M  in 
also  retained  at  a  constant  point  in  a  similar  way,  'i'he  pn^iMure 
under  which  the  wat^^r  boils  is  a^xrurat/fly  mttanurinl  by  the  nia* 
nometer  O,  and  tlie  temperature  at  wljieh  it  U/ils,  when  under 
this  pressure,  is  determined  with  fj^ustl  tuutiirn^iy  by  ifM'ans  iA 
fimr  thermometers,  whose  iudiaUUiust  H:nf«t  Vt  rjtrr^ti  itmtSi  iHben 
They  are  inserted  into  iron  tuljen  vXtt^'A  at  iSw.  \MAUrtn  and  fille^l 
with  menrorr,  which  paM  benKietkally  ttir«Higli  i\m  Vp[$  //f  the 
boiler  and  descetid  to  diSkirui  depths  in  lh«  sI«imu  and  water  it 
eontaios. 

4d 
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The  method  of  using  the  apparatus  will  ho  made  cIgbt  bf  u 
example.  Let  na  suppose,  then,  that  we  wish  to  nieasarc  tin 
tension  of  the  vapor  of  water  at  temperatures  between  15i)*  iii4 
100°.  We  shovild,  in  the  first  place,  connect  the  hose  HB'  wiili 
a  CO  ndeu  sing-pump,  and  force  air  into  the  globe  aud  boiler  u 
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the  manometer  indicated  a  pressure  in  the  interior  of  abont  torn 
atmospheres.  We  should  then,  by  means  of  a  charcoal-furnaec, 
boil  the  water  in  the  ressel  C,  taking  care  so  to  regulate  the  bcftl 
that  the  steam  will  condenso  in  the  tube  A  B  as  fast  as  it  fonni 
in  the  boiler.  When  this  is  the  case,  tlie  height  of  tlie  ma- 
nometer will  remain  constant  during  the  whole  course  of  Ihc 
experiment,  provided,  of  course,  tliat  tho  pressure  of  the  i 
phcre  does  not  vary.  The  tension  of  the  steam  forming  in  1 
boiler  can  now  easily  he  determined,  for  it  must  evideal^ 
equal  to  the  height  of  the  barometer  added  to  the  differed 
level  of  the  two  mercury-columns  of  the  manometer.  Tho^ 
perature  of  the  steam  corresponding  lo  this  tension  is  then  ■ 
lained,  by  merely  inspecting  the  thermometers  connocU'd  with 
tho  copper  boiler.     Let  us  suppose  tliat  llio  diffonmco  of  lereJ  of 
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tlie  mcrcuij-oolamn  of  tlie  inanom(>t«r  when  reduced  to  0°  ia 

ibuiid  to  \m3  254^24  c.  m.,  and  tbat  tbe  height  of  the  buximctcr 

[  the  lime,  also  reduced  to  0',  is  76.209  c.  m.     The  leiisiou  of 

(1  is  then  equal  to  330.7S3  c.  m.     On  iiispectiag  the  four 

mamctcrE,  they  were  found  to  indicate  rcBpectively  147' JjO, 

bT*.49,  147°.54,  and  147°. 3o,  the  mean  of  the  four  being  equal 

}  147'*,48,  which  we  take  as  the  true  temperature.     Hence  it 

Ulows  that  at  14~''.48  tlio  tension  of  the  vapor  of  water  is  equal 

)  c.  m. 

[  Having  determined,  as  just  described,  the  tension  of  the  vapor 
f  water  at  one  temperature,  we  shoiJd  next  diminish  thu  pro^ 
•are  on  tlie  surface  of  the  water  in  Uio  boiler,  by  allowing  a 
portion  of  the  air  to  escape  from  the  glolie.  The  lujiliug-iiuiQt 
of  tJiQ  water  would  at  once  fall,  and  we  should  then  mcnsure  tlio 
tension  and  temperature  corresponding  to  tho  new  conditions; 
and  by  repeating  this  process  several  times,  wo  should  be  enabled 
to  fix  the  tension  and  currcspondiug  temperature  at  several  points 
tietween  150°  and  100'. 

Tho  apparatus  just  described  was  constructed  by  Rcgnault 
chiefly  to  test  the  method  on  which  it  is  based,  and  to  discover 
(  cau«C8  of  error  to  which  the  method  is  liable.  The  appa- 
t  actually  used  in  the  determination  of  the  tension  of  the 
x>r  of  water  at  temperatures  above  100°,  althougli  on  precisely 
D  some  principle,  was  constructed  on  a  very  mucii  greater  scale, 
pi  capable  of  sustaining  a  very  great  pressure.  The  copper  boiler 
,  a  capacity  of  about  TO  litres,  and  its  nails,  5  millimetres 
ick,  were  strengthened  by  bands  of  iron.  The  glass  globe  M  of 
.  411  was  replaced  by  a  very  strong  copper  chamber,  having  a 
tcity  of  280  litres,  and  tliis  was  connected  with  tho  boiler  by 
ube  arranged  exactly  as  in  the  smaller  apparatus.  The  upper 
t  of  the  chamber  was  also  connected,  on  the  one  side  with  a 
mp  for  condensing  air,  and  on  the  other  witli  a  manometer. 
Tliis  manometer  was  the  same  as  that  used  by  Rcgnault  in  his 
experiments  on  the  compressibility  of  gases,  to  which  we  have 
idy  referred  in  connection  with  tliat  subject  (page  296). 
i  have  not  space,  however,  to  enter  into  a  detailed  descrip- 
j  of  tho  apparatus.  This  will  be  found  in  RegnauU's  original 
Ibmoir.  Suffice  it  to  say,  that  every  precaution  was  taken  to 
I  accuracy  which  physical  science  could  suggest,  | 
I  apparatus  and  in  tho  method  of  cxperiuionting. 
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was  able  to  experiment  with  this  apparatus  up  to  a  pressure  o( 
twenty-eight  atmospheres.  Unfortunately,  at  thirty  atmospheres 
one  of  the  bolts  which  fastened  the  iron  bands  broke,  in  con- 
sequence of  the  distention  of  the  boileri  and  it  was  thoaght 
imprudent  to  continue  the  experiments. 

(289.)  Discussion  of  the  Results.  —  By  the  methods  described 
in  the  last  section,  Regnault  determined  the  tension  of  the  vapor 
of  water  at  different  temperatures  between  — 32**  and  280*.  The 
intervals  of  temperature  between  the  numerous  determinatioiis 
were  necessarily  very  irregular,  the  precise  temperature  in  each 
case  depending  on  accidental  circumstances.  This  is  shown  by 
the  following  table,  which  gives  the  results  of  a  few  only  of  the 
observations  made  by  Regnault :  — 


Temp. 

Tenaloa. 

Tamp. 

Teuloa. 

Temp. 

TBDdOO. 

Ttaip. 

Tnioa. 

— ^*.84 

0.028 

•42!6l 

6.322 

•12571 

177.895 

•194!48 

1034.427 

—12.53 

0.161 

58  62 

13.905 

153.90 

394.486 

212.20 

1486.818 

0.00 

0.454 

•76.49 

80.671 

•167.40 

555.483 

221.33 

1779X)11 

H-S0.51 

1.781 

''a9.92 

75.790 

185.67 

857.242 

230.50 

2112.700 

Prom  these  results,  however,  we  can  easily  determine  the  tension 
corresponding  to  any  other  temperature  between  the  limits  of 
observation  by  either  one  of  two  methods. 

The  first  method  is  to  make  a  geometrical  construction  of  the 
results  of  the  experiments  similar  to  that  which  is  given  in  Fig. 
412.  In  this  figure,  the  abscissas  of  the  curve  abed  are  the 
degrees  of  temperature  ;  the  ordinates  are  the  corresponding 
tensions  in  atmospheres.  The  curve  is  constructed  through  the 
points  indicated  on  the  figure  by  dots,  and  these  were  fixed  by 
the  observations  marked  with  a  star  in  the  above  table.  By 
means  of  this  curve  we  can  evidently  ascertain  at  once  the  ten- 
sion at  any  intermediate  temperature,  and  prepare  a  table  similar 
to  that  on  page  571.  The  scale  of  Fig.  412  is,  however,  alto- 
gether too  small  to  furnish  even  approximate  results ;  but  on 
the  plate  accompanying  Regnault's  memoir  the  same  curve  will 
be  found  drawn  on  a  scale  which  is  suitable  for  the  purpose. 
The  curve,  even  as  drawn  in  our  figure,  will,  however,  convey 
to  the  mind  a  far  better  conception  of  the  rapidity  with  which 
the  tension  of  the  vapor  of  water  increases  with  the  temperature, 
than  could  be  given  by  a  column  of  numbers. 

The  second  method  of  determining  the  tension  at  temperatures 
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lennediate  between  those  at  wliicli  it  has  boon  actually  obaervod, 

MBts  in  listing  einpim"!!  furuuiltu  t^iiuilar  in  ]iriiK-i[)li<  to  Uiaio 

Uch  we   have   previously  eni- 

Ij'ecl  to  express  lUe  solubility 

If  salts  iu  « titvr,  or  tlio  rate  uf 

1  of  liquids  at  dlHerciit 

nperatures.      At   least   tliirly 

b  formula;  liavu  beeu  propost, J 

4iflbrent  timiis  fur  tlio  purpittia, 

di  agree,  wilb  more  or  losa 

!cura(!y,witl)  diflbreiiLsots  ufub- 

■en'ulions.    Tlie  dctunniiialiuiis 

of  Regiinult   agree  very  ueariy 

vitli   tbe   following  expouoiitial 

nuIa  proposed  by  Biot :  — 

I  logfl  =  J-5o'— C^', 
tvbich  F1U9.1 


—20*   and  SStt,  uid  *«r«  toaui  to  fa* 
lug  B  =  QAyj77ia 

tag  c=  t>//nvai 
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vapor  of  water  at  any  temperature  within  the  limits  of  the  obee^ 
vations,  with  as  great  accuracy  as  that  of  tlie  experimental  data 
on  which  the  formula  is  based ;  but,  like  other  empirical  formulci 
it  cannot  be  relied  upon  if  the  temperature  much  exceeds  these 
limits  on  either  side.  In  calculating  the  table  on  page  571, 
Reguault  used  the  formula  and  constants  just  given  for  all  tem- 
peratures between  100®  and  230®,  but  for  lower  temperatures  he 
found  it  best  to  use  two  similar  formulas  with  different  constants. 

(290.)  Formation  of  Vapors  of  different  Liquids.  — The  laws 
of  the  formation  of  the  vapor  of  water,  which  have  been  enun- 
ciated in  the  last  few  sections,  also  hold  true  for  the  vapors  of 
other  liquids.  If  instead  of  water  we  should  introduce  into 
the  vessel  of  one  cubic  metre  capacity  assumed  in  (284)  a  small 
amount  of  alcohol,  ether,  sulphide  of  carbon,  or  any  other 
liquid,  it  would  be  found  that  for  any  given  temperature  a  cer- 
tain fixed  weight  of  each  of  these  liquids  would  evaporate,  aud 
that  the  vapor  formed  would  have  a  certain  fixed  tension.  If  the 
temperature  were  increased,  more  liquid  would  evaporate  into 
the  cubic  metre,  and  the  atmosphere  of  vapor  formed  would  have 
a  greater  tension  ;  and  if  the  temperature  were  diminished,  both 
the  weight  of  the  cubic  metre  of  vapor  and  its  tension  would  be 
less.  Furthermore,  the  tension  of  the  vapor  at  difTerent  temper- 
atures could  be  determined  by  the  same  methods  used  in  the  case 
of  water,  and  we  could  make  for  each  liquid  a  table  similar  to 
that  on  page  571.  Rcgnault*  has  furnished  us  with  such  a  table 
for  five  of  the  most  familiar  liquids.  This  table,  which  gives, 
however,  only  the  tensions  of  the  vapors,  will  be  found  on  the 
opposite  page.  The  weight  of  one  cubic  metre  of  each  vapor 
can  readily  be  calculated  for  each  temperature  by  means  of  llie 
f^^rmulae  which  will  be  developed  in  the  next  chapter. 

It  has  already  been  stated  (282),  that  at  the  boiling-point  the 
tension  of  the  vapor  of  any  liquid  is  exactly  equal  to  the  pressure 
of  the  atmosphere,  aud  Dalton  supposed  that  at  temperatures 
equally  distant  from  their  respective  boiling-points  the  vapors  of 
all  liquids  were  approximatively  equal  in  tension.  If  this  principle 
(which  is  usually  known  under  the  name  of  Dalton's  law)  were 
true,  we  could  easily  calculate  from  the  tension  of  the  vapor  of 
water  that  of  any  other  liquid.  Suppose,  for  example,  it  was  re- 
quired to  find  the  tension  of  the  vapor  of  ether  at  50®,  which  is  15® 

*  Comptcs  Rendus,  Tom.  XXXIX.  p.  301. 


BEAT. 


£88 


1                              - 

BUmt. 

SnlpUde 
OMbon 

> 

Tttrpmtfan. 

—11 

0.812 

SO 

04134 

6.92 

16 

•    •    • 

•    •    • 

6.88 

—10 

0.650 

11.32 

7.90 

1 

0 

1.273 

18.23 

12.78 

•    •    1 

0.21 

+10 

2.406 

28*66 

19.98 

13.04 

i                   0.23 

SO 

4.40 

43.48 

29.82 

!                 19.02 

0.43 

30 

7.84 

63.70 

43.46 

\                27.61 

0.70 

40 

13.41 

91.36 

61.75 

36  40 

1                   1.12 

60 

22.03 

126.80 

85.27 

62.42 

t                   1.72 

•0 

85.00 

173.03 

116.26 

1                 73.80 

)                   ^.b9 

70 

63.92 

230.96 

154.90 

1                 97.62 

\                   4.19 

80 

81.28 

294.72 

203.05 

>               186.7g 

1                  6.12 

90             1 

19.04 

389.90 

262.31 

181.12 

\                  9.10 

100             ] 

[68.50 

492.04 

382.18 

1              2.36.46 
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»5.18 

624.90 

413.69 
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707.62 

■    •    1 
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120             I 

^20.78 

•    •    • 

512.U 

1               8S1.8C 

1                26.70 

130             ^ 
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■    .    1 

626.06 

;               472.  IC 

)                 34.70 

!      186 
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•    .    < 

702.92 

1                •    .    < 

>                •    •    • 

140             ( 
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•    .    « 

•    • 

1                                               9.1 

46.23 
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rS5.78 

.    .    1 

>                                               .            .            < 

60.45 
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r61.78 
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1 

>                                               .            •            1 
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100 
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•    • 

>                                               .            •            < 

77.72 
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•    • 

>                                               .            •            ) 
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.    .    < 

• 

122.50 
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.    . 

»                                               •            .            1 

151.47 
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1                                               .            .            < 

186.56 
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.            •            i 

226.12 
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>    .    • 

.    .    t 

>                                               .            .            • 

269.03 
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>    .    . 

.    .    < 

»                                               .            .            1 

277. »5 

above  its  boiliug-point.  According  to  the  aboTC  principle,  this 
tension  is  the  same  as  that  of  the  vapor  of  water  at  115**,  or  126.9 
c.  m.,  a  number  which  differs  but  very  slightly  from  that  deter- 
mined by  actual  experiment,  and  given  in  the  foregoing  table.  It 
has  been  shown,  however,  by  the  investigations  of  Regnault,  that 
Dalton's  law  is  not  absolutely  rigorous,  and  at  largo  distances 
firom  Che  boiling-point  is  so  far  from  coinciding  with  the  facts, 
that  it  cannot  be  relied  upon  except  for  furnishing  the  first  rough 
approximation  to  the  actual  tension  of  a  volatile  liquid. 

It  follows  at  once  from  the  law  of  Dalton,  that  at  any  given 
temperature  different  liquids  may  have  very  unequal  tensions, 
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and,  moreover,  that  Id  any  tmo  eaN 
the  tensiou  must  be  the  greater  the 
lower  tlie  boiliug-point  aud  hence  tbe 
more  volatile  the  liquid.  These  bets 
may  be  illustrated  by  means  of  Ha 
apparatus  represented  in  Fig.  41S, 
It  consists  of  four  barometer-tubes, 
all  dipping  into  the  same  bann  of 
mercury.  The  first  at  tlie  left  is  a 
perfect  barometer,  and  therefore  in- 
dicates the  pressure  of  tlie  air ;  but 
the  otticrs  contain  a  fev  drops  of 
some  volatile  liquid  above  the  mer- 
cury-column.  The  tension  of  the  va- 
por of  these  liquids  is  moasurod,  of 
course,  by  the  depression  of  the  met- 
nt-"'-  cury;  this  will  bo  found  to  bo  greater 

in  proportion  as  tho  boiling-point  is  lower. 

(291.)  Maximum  Tensiun  of  Vapors. — The  vapor  of  anj 
liquid  which  forms  in  a.  confined  space  and  in  the  presence  of 
an  excess  of  the  Uquid,  has  always  tho  greatest  tension  which 
tho  vapor  can  have  at  the  given  tfimpernture.  To  recur,  for  cs- 
amplo,  to  our  previous  illustration :  at  the  tem|)orature  of  iV, 
there  would  form  in  the  vessel  described  iu  (284)  a  cubic  metre 
of  vapor  weighing  17,155,  and  having  a  tcusiou  equal  to  1.739 
c.  ra,,  proTidod  only  an  c-xccss  of  water  were  present.  Now  this 
is  the  greatest  tension  which  the  vapor  of  water  can  have  at  20", 
If  by  mechanical  means,  as  by  sinking  a  piston  in  a  cylinder,  we 
attempt  to  increase  the  elasticity  of  the  vapor  without  changing 
the  temperature,  we  find  that  it  is  at  once  condensed  to  liquid 
water,  and  that  its  tension  remains  constant  at  1.739  c.  m.  until 
all  tho  vapor  has  disappeared.  On  now  raising  the  piston,  the 
space  will  be  filled  again  witli  vapor;  but  so  long  as  a  drop  of 
water  remains  in  the  cylinder,  the  tension  of  this  vapor  will 
still  be  equal  to  1.789  c.  m.  If,  however,  after  all  the  water  has 
evaporated,  we  still  continue  to  enlarge  the  capacity  of  the  cylin- 
der, then  the  vapor  will  act  like  a  gas,  and  its  tensiou  will  dimin- 
ish, in  accordanco  with  tlie  law  of  Mariotte ;  compare  (156. 3)  and 
(163),  Inthealiove  illustration  we  have  assumed  that  the  tem- 
perature of  the  vessel  was  constant  at  20° ;  but  the  same  principle 
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is  eqaolly  tnio  at  all  temperatmea  and  for  all  li<}uids,  and  all  tlie 
ti^iisiotiH  (pvcu  ia  tlio  taliloa  on  pages  571  aud  563  arc  tlii^  uiaxU 
mum  tcnsioiiH  possible  at  the  respective  temperatures. 

This  principle  ta&j  be  illustrated  experimentally  by  means  of 
the  apparatus  roprcseutcd  iu  Fig.  414.  It  consists  of  a  barom- 
vtcr-tiibo  and  a  deep  mercury  cistern,  in  wliicli 
tlic  tube  can  b«  entirely  iaimerscd.  Iu  order 
tu  mount  the  apparatus,  the  tube  is,  in  tlio 
first  place,  nearly  filled  with  mercury,  which 
is  boiled  to  expel  the  air,  aud  then  tlie  rest  of 
_the  tuljo  tilled  with  ether.  On  inverting  (lie 
I  and  plunging  the  open  end  under  the 
rcury  of  the  cistern  in  the  usual  wny,  the 
!3  to  tlic  top  of  the  tube,  and  a  part 
lains  liquid,  while  the  rest  forms  a  va- 
which,  at  the  ordinary  tcmpcraturo  of 
(  air,  depresses  the  mcrcury-eohunn  alwut 
Bern.;  eo  tliat  tlie  mercury  stajids  iu  the 
I  at  40  c.  m.,  instead  of  70  c.  m.,  above 
I  lovol  of  tlie  mercury  iu  the  cistern.     The  M*      Jkrm 

sion  of  ether  vapor  at  the  ordinary  temper-      "HH"  aU 
jure  is  consequently  30  c.  ra.     If   now  we  T" 

tempt  to  increase  the  tension  of  tliis  vapor, 
^d  cousc<[uently  diminish  its  volume,  by  sink- 
;  the  tulte  iu  the  cistern  (Fig.  414),  we 
IIimII  find  that  a  portion  of  the  vapor  will  con- 
dense ;  but  the  mercury -col  umu  will  remain 
at  tlio  same  height  in  the  tube,  proving  that 
^^bfi  ^'apor  which  is  still  uucondensed  has  the 
^^^■le  elasticity  as  before.     On  continuhig  to 
^^KirefiB  tlie  tube,  it  will  he  found  that  the 
^mught  of   the   mercury-column,    aud    consc- 
(ueully  the  tension  of  the  vapor,  will  remain 
il>Hilntcly  the  same  until  the  last  bubble  has 
,;.i(ccii  condensed.     This  proves  tliat  36  c.  ra.   is  the  maximum 
1  which  the  vapor  of  other  caa  bo  made  to  assume  at  the 
Unary  temperature  of  the  air. 
[■<;292.)   Gases  and  Vapors. — The  principles  of  the  last  section 
iTitisli  &  convenient  ground  of  distinction  between  gases  and 
It  is   usual  to  apply  the  term  vapor  to  such  aeriform 
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Bubstances  as  are  easily  condensed,  either  by  pressure  or  hy  odU, 
into  liquids,  and  which,  under  the  ordinary  conditions  of  atmos- 
pheric temperature  and  pressure,  exist  in  the  liquid  state.  This 
definition,  howeyer,  is  purely  artificial,  and  makes  no  essential 
distinction  between  a  gas  and  a  vapor ;  and  we  therefore  prefer 
to  distinguish  by  the  word  vapor  the  peculiar  condition  of  aerv 
form  matter  when  it  is  at  the  point  of  maximum  tension.  Ac- 
cording to  this  definition,  a  vapor  is  a  condition  of  aeriform  mat- 
ter which  obeys  the  law  of  Mariotte  when  its  volume  is  increased, 
but  which,  if  the  volume  be  diminished,  is  in  part  changed  into 
a  liquid ;  a  gas,  on  the  other  hand,  is  a  condition  of  aerifonn 
matter  which  obeys  the  law,  whether  its  volume  be  increased  or 
diminished.  We  may  also  define  a  vapor  as  that  condition  in 
which  a  gas  exists  the  moment  before  its  change  of  state. 

This  distinction  between  a  gas  and  a  vapor  will  be  made  clearer 
by  pursuing  still  further  tlie  illustration  of  the  last  section.  Left 
us  suppose  that  we  have  a  cylindrical  vessel  exposed  to  the  tem- 
perature of  130^,  and  filled  with  steam  having  a  tension  equal  to 
98.956  c.  m.  By  referring  to  Table  IX.  of  tlio  Appendix,  it  will 
be  seen  tliat  the  maximum  tension  of  the  vapor  of  water  at  130" 
is  203.028.  Now,  if  there  were  in  the  vessel  a  supply  of  water, 
the  liquid  would  continue  to  give  off  vapor  until  this  tension  was 
attained.  But  wo  will  assume  that  there  is  no  liquid  water  pres- 
ent, and  that  the  cylinder  is  filled  with  expanded  steam.  Under 
these  circumstances,  the  steam  must  retain  the  tension  of  98.956 
c.  m.  so  long  as  both  the  temperature  and  the  volume  remain 
unchanged. 

If  now,  keeping  the  temperature  constantj  we  increase  the  ca- 
pacity of  the  cylinder  by  raising  the  piston,  tlio  steam  will  expand, 
and  its  tension  will  diminish  in  accordance  with  Mariotte's  law. 
When  the  volume  is  doubled,  tlie  tension  will  be  found  to  be 
49.478  c.  m. ;  when  quadrupled,  the  tension  will  be  reduced  to 
24.739  c.  m. ;  and  in  any  case  we  can  find  tlie  tension  corre- 
sponding to  the  increased  volume  by  the  proportion  * 

r  :    V  =  ^'  :  ^.  [200.] 

*  This  equation  is  merely  [98],  sabstitating  t^  and  i^'  for  17  and  //'.  The  ftv- 
dent  mast  be  carcfal  to  bear  in  mind  that  the  tension  of  a  gas  is  always  equal  to  tho 
pressure  to  which  it  is  exposed  (149).  Wo  hero  leave  out  of  the  account  any  deriation 
from  Mariotte*s  law,  which,  nevertheless,  may  bo  very  considerablo  as  the  point  of  con- 
densation is  approached  (165  and  166). 
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Moreover,  when  the  volume  has  been  only  so  far  increased  tliat 
the  tension  of  the  steam  has  been  reduced  to  76  c.  m.,  it  is  tlion 
in  the  same  condition  as  that  in  which  a  gas  (like  sulphurous 
acid,  for  example)  exists  at  the  ordinary  temperature.  It  will 
sustain  the  pressure  of  the  atmosphere,  and,  were  the  tompora- 
tore  of  the  laboratory  as  high  as  130*,  it  might  be  collected  over 
a  mercury  trough  and  transferred  from  one  jar  to  another,  like 
any  other  gas. 

Again,  if,  still  keeping  the  temperature  constant  at  180*,  we 
now  lessen  the  capacity  of  the  cylinder  by  sinking  the  piston, 
the  tension  of  the  confined  steam  will  be  increased  up  to  a  cer- 
tain point  in  accordance  with  Mariotte's  law ;  in  other  words, 
it  will  manifest  all  the  characters  of  a  gas,  and  its  tension  at 
any  degree  of  condensation  may  be  calculated  by  the  same  for- 
mula as  before.  If,  however,  we  continue  to  sink  the  piston 
until  the  volume  of  the  steam  is  reduced  to  a  little  less  than  one 
half  of  its  original  volume,  and  the  tension  increased  to  208.028 
c.  m.,  we  shall  reach  a  point  at  which  the  steam  suddenly  ceases 
altogether  to  obey  the  law  of  Mariotte  ;  and  if  we  sink  the  piston 
still  further,  the  tension  will  not  increase  in  the  slightest,  but  a 
portion  of  the  steam  will  be  changed  into  water,  and  this  chiinge 
will  proceed  until  the  piston  reaches  the  bottom  of  the  cylinder, 
the  tension  all  the  time  remaining  constant  at  208.028  c.  m.  It 
is  to  tliis  peculiar  condition  of  aeriform  matter  that  we  give  the 
name  of  vapor. 

Returning  now  to  the  initial  condition  of  the  cylindfT,  when  it 
is  filled  with  steam  at  the  tension  of  98.9^0  c.  m.^  let  us  vary  the 
temperature,  while  we  keep  the  volume  abioluUty  cimutanl.  If 
we  increase  the  temperature,  we  siiall  inftrfHutH  the  UuinUni  of  the 
confined  steam,  according  to  the  same  law  by  ii'liii;h  the  Uumou 
of  a  confined  ma«s  of  air  would  1^  in«;reaM;d  under  the  *»afiie 
circumstances.  If,  on  the  other  hand,  we  htntrnn  the  UunffttrW' 
ture,  we  shall  diminii^h  the  tenfiion  of  the  cjtuUui^l  iti;aifi,  twA'^r^i' 
ing  to  the  same  law  as  l^efore,  until  we  re^:h  a  ti;iii|/<;ratijre  at 
which  tlie  tension  of  the  yVtmu  ifc  the  rfi^xiifiUfii  U',ut\i$%i  for  that 
temperature.  Tlien.  on  i»till  furtli/rr  'y/'/iifi((  the  r/liiider,  a  |/«/r- 
tion  of  the  steam  will  chaiifee  iuu*  w;iU:r,  and  the  L<:iii:ion  of  ttM5 
remaining  vapor  will  \m:  ffAiiA  t//  t>e  iIm;  tmttitnntu  U;fifeM/n  'y//f <v 
sponding  to  the  reduced  t^nzif/eraujre. 

If  we  know  tiie  x^ua'ifAx  of  a  ^•jn^Uui'^i  $t$H»^  '/f  |{m  at  Uhj  given 
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temperature,  we  can  always  readily  calculate  its  tenrion  for  anj 
other  tempei*ature,  assuming,  as  we  haTe  above,  that  the  Toliime 
does  not  change.  Let  V  represent  the  Tolume  of  a  gas  which 
has  a  tension  ij  at  t^.  The  voliime  of  this  mass  of  gas  at  <'",  if 
allowed  to  expand  freely,  the  tension  remaining"  constant^  wodd 
be,  by  [184],  ¥(1  +  0.00366  [tf  —  0).  If  now  this  increased 
volume  is  reduced  by  pressure  again  to  F*,  the  tension  (which 
was  before  tf)  will  of  course  be  increased,  and  we  shall  evidently 
have  the  same  condition  as  if  the  gas  had  not  been  allowed  to 
expand.    But  we  have,  by  [200], 

r  (1  +  0.00366  IV  —  tj)  :  r=  «' :  fl  , 

and  hence  we  obtain  for  the  value  of  the  increased  tension, 

i5'  =  i5  (1  +  0.00366  [r  — 0).  [201.] 

Applying  now  this  formula  in  the  example  under  discussion, 
we  should  find  that  the  steam,  whose  tension  was  equal  to 
98.956  c.  m.  at  130**,  would  have  at  105**  a  tension  of 

^  =  98.956  -*-  (1  +  0.00366  X  25)  =  90.641  c.  m.  ; 

and  on  referring  to  the  tabic,  it  will  be  seen  tliat  this  is  the 
maximum  tension  which  steam  can  have  at  105®.  Hence  at  this 
point  the  steam  assumes  the  condition  of  vj^por.  By  the  same 
formula,  it  will  appear  that  at  104°  the  tension  of  the  steam  would 
be  90.334  c.  m.,  but  by  the  table  87.541  c.  m.  is  the  maximum 
tension  possible  at  104° ;  as  much  vapor  will,  therefore,  be  con- 
densed to  water  as  is  necessary  to  reduce  the  tension  to  this 
amount.  The  same  will  be  true,  to  a  still  greater  degree,  at 
any  lower  temperature. 

(293.)  Distillation.  —  It  has  now  been  shown,  first,  that  the 
tension  of  the  vapor  which  rises  from  a  boiling  liquid  is  always 
equal  to  the  pressure  of  the  atmosphere ;  secondly,  that  this  ten- 
sion is  the  maximum  tension  possible  for  the  temperature,  so  that 
if  the  volume  is  reduced  by  mechanical  means  the  tension  is  not 
increased,  but  a  portion  of  the  vapor  is  condensed  to  the  liquid 
state.  From  these  two  facts  it  follows,  as  a  necessary  conse- 
quence, that  a  vapor  will  be  condensed  to  a  liquid  by  the  pres- 
sure of  the  atmosphere,  if  its  temperature  falls  below  the  boiling- 
point  of  this  liquid  (except  under  the  conditions  hereafter  to  be 
considered,  when  the  vapor  is  diffused  through  the  atmosphere 
itr:-lf). 


&8ft 


lie  process  of  distiUation,  whJcli  is  used  in  tliQ  nrts  for  tlia 
0  of  ecpiu-ating  a  Tolntile  aubiitancc  from  ono  llint  In  fixud 
"or  less  volatile,  is  a  direct  illiiHtration  of  tliia  prinri|ili!.     Tlio 
simplest  apparatus  for  tlie  purposo  is  rt^prosciitud  in  Kig.  tlO. 
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usually  termed  a  Liebig'i  condenser.  It  conBiets  of  a  tate 
of  glass,  which  is  kept  cold  by  a  current  of  water  circtiUliaf 
through   a  copper  cylinder,  which  surrounds  it.     lu  ths  com- 


moii  still.  Fig.  417,  a  largo  copper  boiler  supplies  tlie  place  ot 
the  retort,  and  the  vapor  is  condensed  in  a  spiral  Iiihe  of  cop- 
per, called  a  worm,  which  is  kept  immersed  in  a  tank  of  cold 
water. 

Since  the  boiling-point  of  a  liquid  is  reduced  in  proporUon  w 
the  atmospheric  pressure  is  removed,  it  is  sometimes  advantAgenos 
to  conduct  tlie  proccu 
of  distillatioD  in  a  par- 
tial  vacuum.      This  i« 
eppociallr  the  case  i 
some  ory^uuic  subsll 
which  have  a  higlb 
ing-point    and 
composed  by  beat.] 
apparatus     reprc 
in  Fig.  418  is  i 
for  this  purpose.    Tho  retort  A  is  connected  by  an  hcnaol 
sealed  joint  with  the  receiver  B,  and  this  again,  Uirough  tlM 
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r,  with  ftii  air-pump,  by  which  the  pressure  on  tlie  surfaco  of  Uie 
liquid  in  the  rclort  may  be  very  greatly  reduced.  The  same 
rinciple   is  applied  in  the  sugar  refineries  in  order  to  coneen- 

B  »>yrup8  at  a  low  temperature  (^raeuum-pans), 
L  (294.)  Steam-Bath.  —  The  fiwrt,  that  the  temperature  of  boil- 
I  water  and  of  the  steam  rising  from  it  is  constant  at  lUO", 
k  frequently  applied  in  the  laboratory  when  it  is  important  to 
^nlain  a  moderate  and  constant  degree  of  heat  for  a  length 
r  time.  Tho  arrangement  which  is  usually  adopted  for  evapo- 
rating liquids  at  100°  is  represented  in  Fig.  419,  The  porcelain 
evapo rating-dish  rests  on  the  rim  of  a  hemispherical  vessel  of 
copper,  in  which  water  is  kept  constantly  boiling  by  means  of  a 
spirit-lamp. 


I'or  drying  precipitates,  or  for  expelling  the  water  of  crystalli- 
zation from  a  salt,  the  chemist  frequently  uses  a  steam-bath  like 
the  one  represented  in  Pig.  420.  This  is  simply  a  copper  oven 
with  double  sides,  which  is  maintained  at  100°  by  boiling  the 
water  which  partially  fills  the  cavity  between  the  inner  and  outer 
lining  of  the  oven. 

(295.)  Papin's  Digfster.  —  Water,  when  enclosed  in  a  strong 

bo  heated,  as  we  have  seen,  to  a  temperature  very 

ich  above  100° ;  and  tins  fact   is  advantageously  applied  in 

kpin's  Digester,  which  is  very  useful  in  the  laboratory  when  it 
j«  required  to  expose  substances  to  tlie  action  of  water  at  a  tem- 
[leraturo  between  100°  and  200°  for  a  longtli  of  time.     It  consista 
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generally  of  a  thick  cylindrical  vesBcl  of  brass,  D,  Pig.  421, 
closed  by  a  thick  cover  of  the  same  material,  which  is  kept  in 
its  place  by  tlie  screw  B  S.  A  safety-Talve,  o  p  A,  serves  to 
regulate  the  pressure,  and  thus 
the  temperature  of  the  water, 
as  well  as  to  insure  the  safety 
of  the  apparatus.  The  det^ 
of  the  construction  of  the  eafety- 
valvc  are  given  in  Fig.  440.  Thii 
digester  can  also  be  used  with 
great  advanti^  to  produce  cliem- 
ical  reactions  which  could  not  be 
readily  obtained  under  the  pres- 
sure of  the  air.  For  this  pu^ 
pose,  the  substances  are  sealud 
up  together  in  glass  tul>es,  and 
exposed  to  the  temperature  of  the 
overheated  water,  and  any  inte- 
rior pressure  resulting  from  tlie 
evolution  of  gas  in  the  tube  la 
"*■  *"'  more  or  less  balanced  by  the  ei- 

tarior  pressure  of  the  confined  steam. 

(296.)   Cundensation  of  Gases.  — There  aro  many  sulistanoei 
which  boil  at  so  low  a  temperature  that  they  retain,  at  the  ord 
nary  temperature  of  the  atmosphere  and  under  the  usual  prcssiu 
the  condition  of  a  gas.     The  boiling-points  of  a  number  of  saol 
substances  are  given  in  the  following  table  :  — 


Sulptinrotia  Ai^iJ,        . 

Cyanogen,      .  . 

Ammonia, 

Arsenide  of  Hydrogen, . 
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Sulphide  of  Hydrogen,     .     — 7S] 
Hydrochloric  Acid,       . 
Carbonic  Acid, 
Proioxide  of  Nitrogen, 


AH  these  substances  manifest,  at  the  ordinary  temperature  of 
the  air,  the  same  physical  properties  which  steam  would  manifesi 
at  130%  as  described  in  (292)  ;  and  if  in  cither  case  the  temp 
Bture  of  tlie  gas  is  reduced  below  the  iMiIing-point,  then  1 
tension  of  the  vapor  will  be  reduced  to  less  than  "U  c.  i 
the  gas  will  be  condensed  to  a  liquid  by  the  pressure  of  the  i 
exactly  aa  in  the  process  of  distillation. 


Tliis  fai!t  is  illastrated  by  the  common  method  of  preparing 
li4)iiid  sulphurous  acid.  This  gas,  which  is  generated  by  heating 
togctJier  metallic  mercury 
and  Ktrung  Hulphunc  acid 
in  a  glass  rctorl(Fig.  422), 
ia  paHsed  into  a  U  lube 
nuTouiided  by  a  mixture 
of  ice  and  salt,  where  it 
collects  as  a  liquid.  Had 
we  the  means  of  pro- 
ducing readily  a  eufficient 
t'lrree  of  cold,  we  might 
ivily  condense  to  liquids  na-ts. 

:]ie  otJtcr  gases  in  the  same  way. 

For  any  given  temperature,  the  vapor  of  each  of  the  substances 
included  in  the  above  table  has,  like  the  vapor  of  water,  a  definite 
maximum  tension,  which  it  cannot  exceed;  and  if  we  had  the 
nM)uisitQ  data,  we  could  make  out  for  each  one  a  table  of  maxi- 
mum tensions  at  different  temperatures  similar  to  the  tables  on 
pages  671  and  583.  Bunscn  has  furnished  us  with  such  a  table 
for  the  first  tliree  substances. 


-H 


25 


420 


Horeovcr,  what  was  shown  in  (292)  to  be  true  in  regard  to 
a  at  130°  is  equally  true  of  these  gases  at  the  ordiuary  tem- 
^ture  of  tlie  air.  If,  for  example,  we  suppose  the  cylinder,  so 
I  referred  to,  to  be  filled  with  FulphurouB  acid  gas,  and 
Intaiuod  at  a  constant  temperature  of  15°,  we  should  find,  on 
■ring  dowu  tbti  piston,  tliat  the  tension  would  increase  m  Ulft 
50'  ^" 
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volume  diminished,  until  it  became  equal  to  293  e.  m. ;  bot  on 
still  further  reducing  the  volume,  the  gas  vould  liquefr-  Tbe 
same  would  be  true  of  cjauogen  when  the  teosion  became  equil 
to  333  c.  m.,  and  of  ammonia  when  it  became  equal  to  678  c.  m^ 
assuming,  of  course,  that  the  temperature  of  the  cylinder  ii 
maintained  constant  at  15°.  If  the  temperature  is  dtminidiei 
the  gases  cannot  acquire  so  great  a  tension  ;  if  it  is  raised,  the 
tension  may  be  greatlr  increased. 

These  facts  may  be  very  elegantly  illustrated  by  means  of  tix 
apparatus  represented  in  Fig.  428.  It  consists  of  an  iron  cistern, 
A,  filled  with  mercury,  and  clased 
on  all  sides  with  the  exception  of 
five  circular  apertures  through  the 
top.  Into  four  of  these  may  be 
screwed  the  iron  tubes  a,  b,c,  and 
d,  which  reach  to  the  bottom  of 
the  cistern.  These  tubes  are  pro- 
Tided  with  a  broad  shoulder,  tai 
are  screwed  down  upon  lead  wash- 
ers with  a  wrench,  so  as  to  enable 
the  joint  to  resist  a  pressure  dt 
ten  or  twelve  atmospheres  with- 
out yielding.  Into  the  open  cads 
of  these  iron  tubes  the  glass  tubes 
1, 2, 3,  and  4  are  cemented.  They 
arc  about  one  centimetre  in  diam- 
ng.ua.  etcr  and  closed  at  the  top.    When 

the  apparatus  is  in  use,  one  of  the 
tubes  may  be  filled  with  air,  and  the  other  three  with  ammonia, 
cyanogen,  and  sulphurous  acid,  respectively.  By  the  fifth  ape^ 
ture,  e,  the  interior  of  the  mercury-cistern  connects  witii  the 
force-pump  P,  through  the  tube  g-;  and  by  this  water  may  be 
forced  in  upon  the  surface  of  the  mercury.  The  pressure  thus 
exerted  will  cause  the  mercury  to  rise  in  the  several  tubes,  and 
as  the  volumes  of  the  confined  gases  are  diminished,  it  will  be 
noticed  that  their  tension  rapidly  increases.  This  tension,  which 
is  evidently  the  same  in  all  four  tubes,  is  measured  by  the  tube 
containing  air,  wliich  serves  as  a  manometer  (168.  S).  If  the 
temperature  of  tho  apparatus  is  kept  constant  at  15°,  the  tension 
will  increase  until  it  is  equal  to  293  c.  m. ;  then  the  sulphnrous 
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acid  will  begin  to  liqnery,  and  the  tension  will  remain  wjual  to 
203  cm.  until  all  this  gas  has  disuppeared.  It  will  tlicn  again 
increase  until  it  reaches  833  c.  m.,  whoa  the  cyaiio^'n  will 
iHjUufjr ;  and,  fiuollf,  after  this  gas  has  also  been  reduced  to  a 
iNjuid,  tlie  tension  will  hicrease  again  until  it  becomes  equal  to 
678  c.  ni.,  when,  last  of  all,  the  ammonia  will  liquefy.  If  now 
we  remove  the  pressure  by  opening  the  stopcock,  which  vents  tho 
water  from  the  cistern,  the  liquids  will  be  seen,  one  after  tlie 
otlier,  to  boil  violenlly,  and  return  to  the  condition  of  gas. 

Since  the  tension  of  a  gas  is  always  equal  to  tlic  pres;«uro  to 
which  it  is  exposed,  it  follows  that  any  gas  will  be  condensed  to 
a  liquid  if  it  is  exposed  to  a  pressure  which  is  greater  tlian  its 
maximum  tension  at  the  given  temperature.  The  mnximum 
tsBnons  of  a  number  of  gases  at  0°  are  approximativoly  as  fol> 


^BilpburonB  Acid,  .1.53 

^Blranogen,     .  2.37 

lodolifdric  Acid,  ■     3.97 

AtniDonia,      .         .  4.40 

Araenide  of  Hydrogen,  .     8.80 


Minimum  Ttntion  at  0°  C 


Chlorine,  . 

Sulphide  of  Hydrogen,  . 
Chlorohydric  Acid,    . 
Protoxide  of  Nitrogen,  . 
Carbonic  Acid, . 


And  if,  in  either  case,  the  temperature  being  at  0°,  the  gas  is 

exposed  to  a  greater  pressure  than  the  tension  indicated  in  llie 

Hbible,  it  will  be  condensed  to  a  liquid.     If  the   temperature  is 

^^Kber,  the  pressure  required  in  each  case  will  l>c  greater.     If  the 

^Bmporature  is  lower,  the  pressure  required  will  be  less ;  and  if 

^Hl  either  case  the  temperature  is  reduced  below  the  boiling-point 

^^m  the  substance,  the  gas  will  he  condensed,  as  we  have  Kceu,  by 

^Re  pressure  of  the  air  alone.     It  is  evident  that,  in  condensing 

gases   to  liquids,  a  great  advantJ^e  is  gained  by  reducing  the 

temperature  as  low  as  the  circumstances  will  permit,  and  hence 

it  is  uiroal  to  employ  Itoth  pressure  and  cold  for  tlie  purjKwc. 

Several  of  the  proces.>ies  in  use  are  as  follows. 

The  simplest  method  of  condensing  gases  consists  in  generut- 
ing  a  lar^  volume  of  the  gas  from  the  proper  chemical  materials 
i[i  a  confined  space.  Tins  method  was  used  by  Faraday  in  hi« 
original  experiments  on  this  subject.    He  generated  the  gas  in 
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one  end  of  a  strong  glass  tube,  Iwut  at  the  middle,  as  repni 
in  Fig.  424,  aud  hermetically  sealed.     The  giis  accumulatii 
the  contiucd  spacu  cxortod  a    great  ] 
yK^  against  tUe  sides  of  tlio  tiil«,  and  wlici 

^^"^^^Nj^^        pressure  became  equal  to  tho  luaximunil 
^*        ^w.^^"     ®'*^"'  *  P'"'ti'Jn  of  tlic  gas  was  condensed  I 

liquid.  This  collected  la  the  other  end  of  the 
tube,  which  ivas  immersed  in  a  freezing-mixture  to  focUitalo  Uie 
process.  With  this  simplo  apparatus  Faraday  6ucuc«dcd  iu 
liquefying  Biilplinroua  acid,  cyanogen,  chlorine,  ammonia,  sul- 
phide of  hydrogen,  carbonic  acid,  muriatic  acid,  and  oitrotu 
oxide  gases. 

The  principle  of  Faraday's  condensing  tubes  was  aftcnrardi 
applied  by  Thllorler  to  condensing  carbonic  acid  gas  ou  a  laigi 


scale.  The  apparatus  which  he  devised  for  the  purpose  is  repre- 
sented iu  Fig.  42.'>.  It  consists  of  two  cylindrical  vessels  of  iron, 
made  exceedingly  strong,  and  of  the  capacity  of  about  eight  litre* 
each.  Tliey  are  closed  by  valve  stopcocks  of  peculiar  coustruo 
tion,  which  screw  into  the  necks  of  the  two  vessels  and  can  be  r»-_ 
moved  at  pleasure.  By  moans  of  tho  copper  connoctiug-tubi 
which  can  be  attached  by  couplers  to  the  discharging  oriGc«  a 
valves  D  and  N,  the  two  cylinders  may  be  united  when  noc 
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I  order  to  tisQ  the  apparntiis,  the  rolvo  C  is  roraorod  from 
t  cylinder  A,  called  tlie  generator,  and  a  charge  is  introduced, 
consUting  of  one  kilogramnio  of  puivorized  bicarbonate  of  soda 
IDL\C(I  with  a  liire  of  lukewarm  water.  After  this  lias  been 
poun'd  into  the  cylinder,  a  long  cylindrical  vessel  (£),  contain- 
ing about  650  grammes  of  common  oil  of  vitriol,  is  carefully  let 
down  by  a  hook  without  spilUiig.  The  valvo-cock,  having  been 
first  carefully  closed,  is  now  screwed  down  tightly  to  the  mouth 
of  tlie  generator,  which  is  then  turned  upon  its  supporting-pivots 
BO  a.4  completely  to  invert  it,  and  thus  mix  tlie  acid  with  the  car- 
bonate of  soda.  The  carbonic  acid  of  tlie  salt,  which  amounts 
to  more  than  half  of  its  weight,  is  now  rapidly  disengaged,  and 
accumulates  in  the  vacant  part  of  the  generator,  exerting  great 
floGtic  force.  The  generator  is  next  connected,  as  represented  in 
the  figure,  with  the  second  large  cylinder  (B),  which  serves  as  a 
receiver,  and  which  is  surrounded  by  a  mixture  of  ice  and  salt. 
On  opening  the  two  valves,  the  condensed  gas  rajiidly  passes  over 
iiid  collects  in  the  cold  receiver.  The  cylinders  are  then  dis- 
Luiinected;  after  first  closing  the  valves,  and,  the  generator  having 
'  ■im  carefully  emptied,  the  same  process  is  repeated.  After  two 
'  r  three  charges  have  been  in  this  way  conveyed  into  the  receiver, 
'  li'.'  pressure  becomes  sufficient  to  liquefy  the  gaa ;  and  after  ten 
■jf  twch-e  charges  the  receiver  may  contain  several  litres  of  liquid 
carbonic  acid.  The  receiver  is  then  finally  detached,  and  tlio 
liquid  vluch  it  contains  preserved  for  use.  If  this  liquid  is  al- 
lowed to  flow  out  LQto  the  air,  a  portion  of  it  evaporates,  and,  as 
we  sliould  expect,  with  great  rapidity  ;  but,  what  is  more  won- 
derful, the  cold  caused  by  the  eva[»ration  is  eo  great,  that  the 
l.irircr  part  of  the  liquid  freezes,  changing  into  a  white  flocculcnt 
-lid  resembling  snow.  This  very  remarkable  phenomenon  will 
I".'  best  studied,  however,  in  connection  «-ith  the  lutcnt  heat  of 
va[>«rs.  In  order  to  show  tlie  substance  in  its  liquid  condition, 
a  draall  quantity  may  be  drawn  off  from  the  receiver  into  the 
thick  glass  tube  P,  which  is  then  closed  by  a  valve-cock  like  that 
of  llio  receiver  itself.  It  is  always  dangerous,  however,  to  con- 
fine liquid  carbonic  acid  in  glass. 

Although  the  apparatus  of  Tliilorier  is  exceedingly  conven- 
at.  and  yields,  with  little  labor,  a  large  supply  of  liquid  carbonic 
nd,  yet  its  use  is  not  unattended  with  danger  ;  and  a  fatal  acci- 
Rit,  caused  by  the  bursting  of  one  of  tlio  iron  generators,  at  the 
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School  of  Phannacy  in  Paris,  has  brought  it  into  geti«ral  iu- 
feTor.  The  danger  arises  from  the  circumstanco  tlmt  tlio  tbum- 
ical  actioii  of  the  sulphuric  acid  ou  the  carbonate  of  hxIa  m 


attended  with  the  evolution  of  heat,  which  raises  tho  I 
ture  of  the  generator,  and  very  greatly  inurcoses  tlie  maxiil 
tension  of  the  gas.  In  tho  receiver,  when  surrounded  bJ^ 
and  salt,  the  tension  is  comparatively  feehle,  and  all  danger  tna; 
be  avoided  by  condensing  the  gas  with  a  forco-pittnp  directly  into 
the  cold  receiver.  An  apparatus  for  tMs  purpose  is  eonEtrncted 
both  by  Natterer,  in  Vienna,  and  by  Biiuichi,  in  f^ria.  It  oob- 
sists  of  a  condensing-pump  (178),  represented  at  /  in  Pig.  428, 
which  draws  the  gas  from  a  gasometer  throngh  tho  Bexiblu  hose 
»,  and  forces  it  into  an  iron  receiver,  which  is  represetitod  ia 
Fig.  427,  of  one  fifth  of  its  usual  size.    This  receiror  scrmn 


aCAT. 


d9!) 


I  tiio  upper  end  of  tlie  pump-barrel,  and  it  is  closed  below 
I  8cir-iu:iiiig  valvo,  otid  abov«  by  tie  valve-cock  4»-,  oh  gIiuwii 
Fig.  427.  A.  cmalc  and  fly-whoel  facilltato  the  working 
I  ptiinp ;  but  it  requires  eevi-ral  hours  of  hard  work  lo 
efjr  opljr  500  grammes  of  gas.  After  tlie  receiver  is  about 
tbirds  filled  nrith  liquid,  it  is  aiiscrewed  from  the  pump- 
el,  and  the  liquid  can  ihen  be  drawn  out  by  iuverting  it  and 
ing  the  valve  ^ .  This  apparatus  has  beeu  especially  used 
iqnel^'iiig  nitrous  oxide  gas. 

tor  Faraday  succeeded  in  liquefying  eeveral  gases  which 
not  been  condensed  before,  by  combining  tlie  action  of  intense 
;  &nd  great  pressors,  the  last  ol>taincd  with  a  very  powerl\il 
IcDfiing  up{>aratus.  This  apparatus  consisted  of  two  coiiden». 
syringes.  The  first  had  a  piston  of  an  ini/h  in  diameter,  the 
nd  of  only  half  an  inch  ;  these  syringes  were  connected  by  a 
r,  so  that  the  first  syringe  forced  the  gas  through  the  valves 
he  second,  and  the  second  Byringc  was  then  used  to  compress 
more  highly  the  gas  which  had  already  been  condensed  by 
action  of  ihe  first,  with  a  pressure  varying  from  ten  to  twenty 
Ospheres.  The  gases  were  condensed  by  iliis  apparatus  into 
A  of  green  bottle-gtaes  bent  at  tlie  middle  into  the  form  of  a  U, 
closed  at  tlie  ends  with  brass  cups  and  stojx'ocks,  securely 
sned  by  means  of  a  resinous  cement.  The  cur\ed  portion  of 
tube  wa«  immersed  in  a  bath  of  solid  carbonic  acid  and  etlier. 
At  times  a  still  greater  degrceofcold,  estimated  at — 110°, 
obtained  by  placing  the  bath  under  the  receiver  of  an  aii^ 
ip  and  exhausting  the  air.  When  exposed  to  tliis  very  low 
Mniture,  most  of  the  liquefied  gases  fi-oze,  as  is  shown  by 
following  table,  which  contains  the  results  of  Faraday :  — 

Gum  U<)Dra>4,  CM"  LIqorflnl,  W.KlBif 

jtt  UiixUi.  ^(  ^,  Vmrna.  uid  ilso  Fmca.  IVilnl. 

OlctUni  Gu.  BrniiHihYdric  Add.  — S° 

ailorohydrie  Acid.  Cj»noePD,  ?S 

Flnohy'''^  AHd.  lodohjdrk  AM,  SI 

TlnOBillrir  Arid.  Carbonic  Acid,  58 

of  Du'hon.  plKHphidf  of  Hydrogen,  Ammoni*,  -J 

ArMlidfof  Hydrogeil.  Snlphnrom  Arid,  ** 

lide  of  NitniBen.  ChloHoe.  Sulphidcof  Ilydrogtr,       8« 

I'lotnuideof  Nim>)^.  — 100 

lOro  recently,  Natterer  of  Vienna,  has  constructed   a  vastly 
powerful  condensing  apparatus  than  that  of  Faraday,  al- 
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though  on  a  similar  principle,  by  which  he  has  been  able  to  ex- 
exert  a  pressure  of  nearly  three  thousand  atmospheres ;  but  the 
gases  enumerated  in  the  first  column  of  the  above  table  did  not 
yield  even  to  this  immense  pressure,  and  indeed  were  not  coor 
densed  so  much  as  we  should  be  led  to  expect  from  the  law  of 
Mariotto.  For  a  description  of  this  apparatus,  the  student  may 
consult  the  memoir  already  referred  to  (page  299). 

The  facts  of  this  section  all  tend  to  show  how  completely  the 
mechanical  condition  of  matter  depends  on  the  temperature  of 
the  globe.  If  the  mean  temperature  were  100^  below  tlie  present 
point,  by  far  the  larger  nimiber  of  known  gases  would  be  either 
solids  or  liquids.  To  the  inhabitants  of  such  a  climate  (whom 
we  may  suppose  to  use  a  Centigrade  thermometer  on  which 
— 100®  of  our  scale  would  be  the  zero-point),  protoxide  of  nitro- 
gen would  be  a  very  volatile  liquid,  freezing  at  0®  and  boiling  at 
IS"* ;  cyanogen  would  be  a  crystalline  solid,  melting  at  65"  and 
boiling  at  80°  ;  and  sulphurous  acid  would  be  a  solid,  melting  at 
24"*  and  boiling  at  90"*.  On  the  other  hand,  were  tlie  mean  tem- 
perature of  the  globe  100**  above  the  present  point,  many  of  oxu" 
most  familiar  liquids  would  be  known  cliiefly  as  gases.  Ether, 
alcohol,  and  water  would  stand  very  nearly  in  the  same  relation 
in  such  a  climate  that  sulphide  of  hydrogen,  cyanogen,  and  sul- 
phurous acid  do  in  ours. 

There  is  every  reason  to  believe  that  all  gases  might  bo  con- 
densed to  liquids,  if  a  sufiicient  degree  of  cold  and  pressure  could 
bo  attained  ;  and  we  ought  not  to  be  surprised  at  the  difficulty 
experienced  in  liquefying  the  gases  above  enumerated,  when  we 
remember  how  very  rapidly  the  maximum  tension  of  vajwrs  in- 
creases with  the  temperature,  and  how  very  limited  our  means  of 
reducing  the  temperature  arc,  as  compared  with  our  means  of 
elevating  it.  We  can  easily  attain  a  temperature  of  5,000°  C, 
while  we  can  scarcely  reduce  the  temperature  of  bodies  to  — 150°. 
At  1,000°  the  maximum  tension  of  the  vapor  of  water  would  be, 
unquestionably,  equal  to  many  thousand  atmospheres,  and  it 
would  undoubtedly  be  found  as  difficult  to  condense  to  a  liquid 
the  vapor  of  water  in  the  highly  rarefied  condition  which  it  would 
have  at  that  temperature  under  the  mere  pressure  of  the  air,  as 
it  is  now  found  to  condense  the  so-called  permanent  gases. 

(297.)  Greatest  Density  of  Vapor,  — By  referring  to  the  table 
on  page  571,  it  will  be  seen  that  the  weight  of  one  cubic  metre 
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of  the  Tapor  of  water — and  hence,  also,  its  density  (68)  —  in- 
creases very  rapidly  with  the  temperature.  This  is  also  shown 
by  the  curve  a  bfg  of  Fig.  412.  The  ordinates  of  this  curve 
represent  the  weight  of  one  cubic  metre  of  vapor  at  the  corre- 
sponding temperatures  indicated  by  the  abscissas,  and  the  dis- 
tance between  any  two  horizontal  lines  of  the  figure  corresponds 
to  a  difference  of  weight  equal  to  588.73  grammes.  At  230".9 
the  weight  of  one  cubic  metre  of  vapor  is  already  ^  of  the 
weight  of  a  cubic  metre  of  water  at  4°,  and  at  the  same  rate  of 
increase  the  weight  of  the  vapor  at  no  great  elevation  of  temper- 
ature would  be  equal  to  that  of  its  own  volume  of  water.  At 
such  a  temperature  water  would  change  into  vapor  without  in- 
creasing its  volume,  provided  that  a  vessel  could  be  made  suffi- 
ciently strong  to  bear  the  immense  ])ressure  which  it  would  then 
exert.  The  same  ihust  also  be  true  of  the  vapors  of  other  liquids, 
so  that  at  a  temperature  more  or  less  elevated  the  density  of  the 
vapor  will  become  equal  to  the  original  density  of  the  liquid, 
which  will  then  change  into  vapor  without  increasing  its  volume. 
An  approach  to  these  phenomena  has  been  obser>'ed  by  M. 
Cagniard  de  la  Tour.*  He  sealed  up  in  a  strong  glass  tube  a 
volume  of  water  equal  to  about  one  fourth  of  tlie  capacity  of  the 
tube,  and  exposed  it  to  a  gradually  increasing  temperature.  At 
a  fixed  temperature  the  water  entirely  volatilized,  and  the  tube 
appeared  empty.  This  temjKjrature,  at  which  water  thus  evapo- 
rates into  a  space  of  al)out  four  times  its  own  bulk,  is  near  the 
melting-point  of  zinc  (3G0**).  »So  great  was  the  solvent  power 
of  water  on  glass  at  this  high  temperature,  that  it  soon  destroyed 
the  integrity  of  the  tubes,  and  a  small  amount  of  carbonate  of 
soda  was  added  to  the  water  to  diminish  this  action.  As  the 
vapor  cooled,  a  point  was  observed  at  which  a  sort  of  cloud  filled 
the  tube,  and  in  a  few  moments  after,  the  liquid  reappeared 
almost  instantaneously.  M.  de  la  Tour  made  similar  experi- 
ments with  alcohol,  ether,  and  sulphide  of  carbon,  with  the  fol'* 
lowing  results :  — 

Tempermture      Volume  of  Tapor      TeonloQ  of 
of  1  l-^appeur-     m  compared  with       Vapor  Id 
anca.  Yoluiue  of  Liquki.   Atnioi>pha«iL 

Alcohol  (3G*  Baumc),        .         .     239*  3  119 

Ether, 200  2  37 


239* 

3 

200 

2 

275 

2 

Sulphide  of  Carbon,  .         .         .     275  2  78 

*  Annalcfl  dc  Chimic  ct  dc  Phvsiquc,  2*  Scric,  Tom.  XXI.,  XXII. 
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The  tension  of  the  vapors,  as  given  in  tlie  above  table,  is  ftr 
less  than  we  should  have  expected ;  for,  if  Mariotte's  law  held 
good  in  these  cases,  ether  should  have  exerted  a  pressure  equal 
to  about  209  atmospheres,  and  alcohol  of  at  least  242.  '  Here, 
then,  we  have  a  tery  marked  example  of  the  principle  previoudy 
enunciated  (166),  that  as  the  point  of  liquefaction  is  approached, 
the  compressibility  of  a  gas  deviates  more  and  more  widely  from 
the  law  of  Mariotte.     The  experiments  of  De  la  Tour  also  show, 
that  under  these  enormous  pressures,  even  before  the  whole  of 
tlie  liquid  has  evaporated,  the  tension  of  the  vapor  varies  with 
the  proportion  which  the  liquid  bears  to  the  space  in  which  it  is 
confined. 

(298.)  Smallest  Density  of  Vapor,  —  Having  seen  that  the 
highest  limit  of  the  density  of  vapor  is  probably  at  least  as  great 
as  the  density  of  the  liquid  from  which  it  is  formed,  we  naturallj 
next  inquire.  Is  there  any  lowest  limit?  Do  substances  continue 
to  evaporate  at  all  temperatures,  however  low,  or  is  there  some 
limit  of  temperature  at  which  they  cease  all  at  once  to  enut 
vapors  ?  By  again  referring  to  the  table  of  maximum  tensions 
(page  571),  it  will  bo  seen  that  even  at  10"  below  the  freezing- 
point  water  forms  a  vapor  weighing  2.284  grammes  to  the  cubic 
metre,  and  having  a  tension  of  0.2078  c.  m. ;  and  even  at  20" 
below  the  freezing-point  it  forms  a  vapor  with  a  tension  of  0.1383 
c.  m.  It  was  formerly  supposed  that  substances  which  were  de- 
cidedly volatile  at  the  ordinary  temperature  continued  to  emit 
vajwr,  however  far  the  temperature  might  be  depressed,  although 
the  quantity  became  less  and  less,  until  it  was  inappreciable  to 
our  senses.  It  was  even  thought  by  some,  that  fixed  solids,  such 
as  the  metals  and  the  rocks,  gave  out  a  sensible  amount  of  vapor, 
so  that  traces  of  these  substances  were  always  to  be  found  float- 
ing in  the  atmosphere.  Some  researches  of  Faraday,  however, 
appear  to  establish  an  opposite  conclusion.  He  found  that  mer- 
cury gave  out  a  perceptible  vapor  during  the  summer,  but  none 
during  the  winter ;  and  also  tliat  some  chemical  agents  which 
may  be  volatilized  at  temperatures  above  150**  did  not  undergo 
the  slightest  evaporation  during  four  years  at  the  ordinary  tem* 
perature  of  the  air.  Tlie  best  opinion,  therefore,  appears  to  be, 
that  there  is  for  every  body  a  temperature  at  which  it  ceases  all 
at  once  to  give  out  vapor.  With  mercury,  this  temperature  lies 
between  4®  and  15®. 
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(299.)  Latent  Heat  of  Vapor.  —  The  change  of  state  from 
liquid  to  vapor  is  acoompanied  with  a  very  great  amouut  of  ex- 
pansion ;  thus, 

1  elm;*  of  Water    at   100**  forma  about  1700  ^7^"  of  steam  ut  100? 
1    «    "   Alcohol   «      78.4    "        «         485    «     «  vai^r  «     78.4. 
1    «    «   Ether      «      35.6    «        «        357    **    «       «       "     35.G. 

And,  indeed,  the  heaviest  known  vapor,  that  of  iodide  of  ar- 
senic (i^p.Gr.s  16.1  as  compared  with  air,  or  0.021  as  com- 
pared with  water),  is  thirty  times  lighter  tlian  the  lightest  known 
liquid,  eupion  (i^.Gr.  =  0.633).  Wo  should  naturally  expect 
that  such  great  expansion  would  be  attended  witli  a  largo  absorp- 
tion of  heat.  A  single  experiment  will  enable  us  to  illustrato 
this  fact,  and  also  roughly  to  estimate  the  amount  absorbed  in  the 
case  of  water. 

Take  a  glass  flask,  and  having  placed  in  it  one  kilogramme  of 
ioe-cold  water,  expose  it  to  such  a  source  of  heat  that  equal  amounts 
of  heat  shall  enter  it  during  equal  times.  Observe  carefully  the 
time  which  elapses  before  the  water  boils.  We  will  assume  that 
it  is  twenty  minutes.  Observe  also  the  temperature  of  the  water 
and  of  the  steam  which  fills  the  upper  part  of  the  flask.  It  will 
be  found  to  be  100"*,  and  both  will  remain  at  this  tem[>eraturo 
until  the  whole  of  the  water  has  boiled  away.  Continue  the 
boiling  for  fifty-four  minutes,  and  at  tlie  end  of  this  time  weigli 
tiie  water  remaining  in  the  flask,  when  it  will  be  found  that 
exactly  one  half  has  been  converted  into  steam  and  csca{>ed. 
We  assumed  that  it  required  twenty  minutes  to  boil  the  water, 
tiiat  is,  to  raise  the  temperature  of  one  kilogramme  of  water  from 
0°  to  100"*.  During  this  time,  then,  one  hundred  units  of  heat 
must  have  entered  the  liquid.  Uence  it  follows,  that,  during 
the  succeeding  fifty-four  minutes,  two  hundred  and  seventy 
units  of  heat  entered  the  water ;  but  this  amount  of  heat  has 
not  raised  the  temperature  in  the  hlighu^st  degree,  for  both 
the  water  and  tlie  steam  liave  retained,  during  the  whole  inter- 
val, the  constant  temperature  of  lOO"".  What,  tlien,  has  become 
of  tlie  heat  ?  The  answer  is,  that  it  lias  been  absorbed  in  con- 
verting 500  granunes  of  water  at  100"*  into  500  grtuiii*^  -^^  -^^Htaa 
at  the  same  temi>erature.     It  follows,  then,  tbat  cm 
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of  irator  at  100"  absorbs,  in  chaDging  into  Bteam  of  the  bum 
temperature,  540  units  of  heat.  The  latent  hoat  of  steam,  u 
well  as  that  of  other  vapors,  can  be  ascertained  vitli  great  acciH 
racy  hy  means  of  tlie  apparatus  represented  in  Fig.  428,  contiiTed 
by  Brix,"  of  Berlin.  It  consists  of  a  small  glass  retort,  R,  cto- 
nectiiig  with  a  small  metallic  cylindrical  condenser,  B.  Tliis 
condenser  has  an  opening  into  the  atmosphere  by  the  tube  X, 
and  is  supported  in  tlie  centre  of  a  larger  cylindrical  box,  A, 
which  is  filled  with  water.  A  thermometer  passing  through  a 
tubulaturo  in  the  cover  enables  the  experimenter  to  observe  the 
temperature  of  tlie  water,  wliilo  hy  t^tating  the  water  with  the 
metallic  disk  C,  its  tempers 
tare  can  be  rendered  uni- 
form throughout,  lu  con- 
ducting the  experiment,  the 
water  around  the  condenser 
is  first  cooled  a  few  degree* 
below  the  temperature  of 
tlie  atmosphere  ;  then  the 
vapor  is  distilled  over  from 
the  retort  until  the  tem- 
perature of  the  water'  has 
risen  an  equal  numl>cr  of 
degrees  above  that  of  the 
atmospliere.  In  this  way 
any  loss  of  heat  from  tlie 
water  is  avoided,  since  the 
apparatus  is  fur  an  equal 
lengtli  of  time  warmer  and 
cooler  than  the  air.  The 
weight  of  vapor  condensed 
is  then  ascertained  by  the 
loss  of  weight  of  the  retort, 
and  the  amount  of  heat  evolved  by  its  condensation  is  readily 
calculated  from  the  weight  of  tlic  water  around  Uie  condenser, 
and  the  number  of  degrees  through  which  it  has  been  heated. 
This  amount  of  heat  corresponds  to  the  latent  heat  of  the  vapor 
plus  the  amount  of  hoat  given  out  by  the  condensed  steam  in 
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cooling  from  the  boiling-point  to  the  temperature  of  the  con- 
denser. To  illustrate  thb  by  an  example,  we  will  suppose  that 
we  know 

The  weight  of  water  around  the  condenser,     .        .        .  500  grammoii. 

The  temperature  at  the  beginning  of  the  experiment,  .  12**. 

The  temperature  at  the  end  of  the  experiment,        .         .     18**. 

The  weight  of  the  water  distilled  over,         .         .  .       4.82  grammen. 

Hence  it  follows  (231),  that 

The  amount  of  heat  which  entered  the  water  equals  .      3        unitn. 

Bj  (233)  the  amount  of  heat  required  to  raise  the  temper- 
ature of  4.82  grammes  of  water  from  18^  to  100**  is 
equal  to 0.395     << 

And  hence  the  quantity  of  heat  given  out  by  4.82  grammes 

of  steam  in  liquefying  equals 2*C05    ** 

One  kilogramme  of  steam  would  then  set  free,  in  liquefying,   540  ** 

It  is  evident  that,  in  these  experiments,  as  in  the  clotomiinaiion 
of  tlie  specific  heat  by  the  met/iod  ofmixiureiy  it  is  nocessary  to 
take  into  account  the  amount  of  heat  a)>sor))c<l  by  the  inniuls  ami 
glass  of  which  the  apparatus  is  made.  I^liis  can  easily  Imj  ralrji' 
lated,  since  the  specific  beat  of  thes^^  substanc^ss  is  known,  and 
their  weight  can  be  easily  determined.  The  forntiila)  for  wlinihir 
calculations  have  already  liecn  given  [I'^H]  and  [1 />('])  and  they 
can  readily  be  modified  by  the  f<tndent  for  any  s|i«;eial  eaM^ 

By  means  of  the  apparatus  deftcriU;d  aln^ve,  Krix  obtained  for 
the  latent  heat  of  the  vafiors  of  several  well-known  lii|iiidN  the 
following  values.*  These  valur*s  are,  in  ea^;h  case,  the  ntiinlmr 
of  units  of  heat  required  to  convert  one  kihigramni^  of  tlie  li'|nid 
at  its  boiling-point  into  one  kihigranmie  of  vafi^ir  at  the  ^aine 
temperature. 


Water.      . 

.     .^40  oftil«. 

AWiL^/L 

J14     « 

Ether. 

.       liO     ** 

on  of  Tirper/trne, 

74     •* 

on  of  Letnryrk*. 

.      ^1     ** 

%f  tV9  *4  Vffff 
Air  -  U 

ZVpM 

(kV,\ 

ZO'.M 

I MH 

W%.iff 

t.W} 

y/7J/f> 

Z.^f7 
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Since  the  number  which  expresses  the  specific  graTitjofa 
substance  is  the  same  as  the  weight  of  one  litre  in  kilogramiiies, 
it  follows,  that,  if  we  multiply  the  specific  gravity  of  a  vapor  at  the 
boiling-point  (referred  to  water)  by  1,000,  we  shall  obtain  the 
weight  in  kilogrammes  of  one  cubic  metre  of  this  vapor  at  thb 
temperature ;  and,  furthermore,  it  follows  from  what  has  been 
said,  that,  if  we  multiply  this  weight  by  the  latent  heat  of  the 
vapor,  we  shall  have  the  number  of  units  of  heat  required  to 
generate  from  these  liquids  at  their  boiling-points  one  cnbic  metre 
of  vapor.  Making  these  calculations,  we  should  obtain  the  num- 
bers given  in  the  above  table  as  the  latent  heats  of  equal  volumes; 
and  it  will  be  noticed  that,  with  the  exception  of  that  of  ether, 
these  numbers  are  approximatively  equal.  The  same  is  ako 
true  of  other  liquids  not  included  in  the  table ;  hence  we  may 
say,  roughly,  that  the  same  volume  of  vapor  will  be  produced 
from  all  liquids  by  the  same  expenditure  of  heat.  Xo  important 
advantage,  therefore,  could  be  gained  by  substituting  any  other 
liquid  for  water  in  the  steam-engine. 

(800.)  Latent  Heat  of  Steam  at  Different  Temperatures.  — 
The  latent  heat  of  steam  has  the  value  given  in  the  above  table 
only  when  its  tension  is  76  cm.  and  its  temperature  100",  which 
is  the  case  when  the  steam  is  formed  by  boiling  water  under  the 
normal  pressure  of  the  atmosphere.  If  the  tension  and  temper- 
ature of  the  vapor  have  greater  values  than  the  above,  then  the 
latent  heat  is  less  than  540  units ;  and,  on  the  other  hand,  if 
these  values  are  less  than  76  c.  m.  and  100",  then  the  latent  heat 
of  the  vapor  is  more  than  540  units.  Watt  concluded,  from  his 
experiments,  that  the  same  weight  of  vapor  always  contained  tlie 
same  quantity  of  heat,  or,  in  other  words,  he  supposed  that  the 
same  quantity  of  heat  would  convert  one  kilogramme  of  water  at 
0"  into  one  kilogramme  of  vapor,  whatever  the  tension  or  tem- 
perature of  the  vapor  might  be.  If  this  were  the  case,  the  sum 
of  the  latent  and  sensible  heat  of  steam  would  be  tlie  same  at  all 
temperatures,  and  we  should  have  for  the  latent  heat  the  follow- 
ing values :  — 


Temperatax«. 

Latent  Hf«t  of  Vapor. 

Bum. 

0 

640  units 

640 

50 

590     " 

u 

100 

540     " 

a 

200 

440     « 

a 

HEAT.  607 

Among  the  other  numerical  data  connected  with  the  steam- 
engine,  Regnault  has  carefully  determined  the  latent  heat  of 
steam  at  different  temperatures  between  5°  and  196''.  These 
experiments  were  made  with  an  apparatus  constructed  with  every 
possible  refinement,  and  were  conducted  with  the  usual  skill  of 
this  eminent  experimentalist ;  but  for  a  description  botli  of  the 
apparatus  and  of  the  methods,  we  must  refer  the  student  to  the 
original  memoir.*  It  was  proved  by  this  investigation,  that  the 
law  of  Watt,  as  the  principle  above  stated  is  frequently  called,  is 
far  from  being  an  exact  expression  of  the  facts,  and,  like  so  many 
other  phenomenal  laws  of  nature,  can  only  be  regarded  as  ap- 
proximatively  true  (compare  page  300).  The  sum  of  the  latent 
and  sensible  heat  of  steam  actually  increases,  although  only  very 
riowly,  with  the  temperature  ;  and  Regnault  found  that  the 
results  of  his  experiments  were  very  nearly  satisfied  by  the  em- 
pirical formula 

A  ==  606.5  -f  0.305  t ,  [202.] 

in  which  X  represents  the  sum  of  the  latent  and  sensible  heat, 
while  606.5  is  the  latent  heat  of  the  vapor  at  0^,  and  t  the  given 
temperature.  By  means  of  this  formula,  we  can  very  easily  cal- 
culate the  latent  heat  of  the  vapor  at  any  temperature.  Thus, 
at  100**  we  have  X  =  637,  and  consequently  the  latent  heat  is  637 
imits  less  the  number  of  units  required  to  raise  the  temperature 
of  one  kilogramme  of  water  from  0®  to  100®.  By  the  table  on 
page  472,  we  find  that  this  amount  is  equal  to  1.005  X  100  =si 
100.5,  and,  subtracting  this  quantity  from  637,  we  find  the  latent 
heat  of  steam  at  100"*  to  be  536.5  units.  In  like  manner,  the 
other  values  in  the  following  table  have  been  calculated. 

The  second  column  of  the  table  gives  the  tension  of  the 
ifopor  of  water  in  centimetres.  The  fourth  column  gives  the 
number  of  units  of  heat  required  to  change  one  kilogramme  of 
water  at  0*  into  one  kilogramme  of  vapor  at  f.  The  third  col- 
umn gives  the  number  of  units  of  heat  required  to  change  one 
kilognunme  of  water  at  f  into  one  kilognunme  of  vapor  at  the 
same  temperature. 

•  M^moircs  do  TAcadi^mie  des  Sdenoes,  Tom.  XXI. 
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(301.)  Illustrations.  —  The  fact  that  heat  is  absorbed  during 
evaporation  is  illustrated  by  many  familiar  phenomena.  The 
chill  which  ia  felt  on  leaving  a  bath  is  caused  by  the  rapid  evap- 
oration of  water  from  the  surface  of  the  skin,  whereby  heat  is 
withdrawn  from  the  body.  In  a  similar  way,  the  air  of  a  heated 
room  is  cooled  by  sprinkling  water  on  the  floor.  This  priDuiple 
also  explains  how  man  is  enabled  to  bear  the  scorching  heat  of 
tlie  hottest  climates,  and  even,  if  properly  protected,  to  enter  an 
oven  heated  above  100°,  his  blood  not  exceeding  40°  ;  a  copious 
perspiration  is  excited,  which  removes  heat  from  the  body  as 
rapidly  as  it  ia  received  from  without.  The  porous  water-jars, 
which  are  used  in  Spain  and  in  Eastern  countries  to  keep  licguids 
cool,  also  owe  their  efficacy  to  the  latent  heat  of  vapors.  They 
are  made  of  biscuit  earthen-ware,  and  the  water  which  slowly 
percolates  through  the  walls  and  evaporates  from  the  surface 
withdraws  so  much  heat  from  the  vessel  as  to  retain  the  tem- 
perature of  the  water  considerably  below  the  temperature  of  the 
surrounding  air.  The  effect  is  enhanced  by  placing  the  jar  in  a 
current  of  air,  which  accelerates  evaporation.  In  like  manner, 
the  evaporation  from  the  surface  of  the  body  is  increased  in  a 
current  of  air,  and  hence  the  sensation  of  coolness  which  a  draught 
produces;  while,  on  tho  other  hand,  the  oppression  wliich  we  feel 
in  an  atmosphere  saturated  with  moisture  arises  from  tho  J 
that  the  evaporation  is  in  great  measure  arrested. 

The  same  principles  may  also  be  illustrated  by  a  great  vai 


of  exporimenta,  Oiio  of  tlie  most  striking  of  these  is  tliat  of 
Leslio,  iu  which  water  is  I'ruzeii  liy  ita 
own  cvuporatiuD.  A  small  oiid  sliallow 
pftn  of  wiiter  is  6tipport4:d  over  a  dish 
of  eulphiiriu  acid,  and  under  a  bc.>ll-ghisB 
Etaiiditig  on  the  pluto  of  an  air-pump 
(Pig.  429).  On  exhausting  tiio  air 
fiiiin  the  iicll,  tho  heat  absorbed  hy  tho  very  rapid  evapom- 
><>]i  of  the  water  which  oiixues  is  so  great,  that  the  larger  por- 
I'lii  of  the  Uqnid  is  converted  into  ice.  The  sulphuric  acid 
:i.l-sorb!i  tho  vapor  aa  fust  as  it  forms,  and  thus  accelerates  the 
evaporation. 

A  similar  experiment  can  he  made  with  the  instrument  rep- 
re:!^ented  in  fig.  480,  called  the  cryopkorui  (frost-bearer).  It 
consists  of  two  glaM  bulbs,  connected  together  by  a  long  tube, 
one  of  which  is  partially  filled  with  water.  In  making  the  in- 
etmmcnt,  it  is  hormet- 
icallr  scaled  while  filled 
with  steam,  ho  that  on 
cooling  a  vacuum  is  left 
above  tho  water,  e.xccpt 
ia  NO  far  as  tlie  sjiace  is 
filled  with  vapor.  If  now  tho  empty  bulb  is  (■unou.iUjd  by  a 
freering-mixture,  this  vapor  is  condensed  as  fast  as  it  is  formed, 
and  a  very  rapid  evaporation  ensues  from  tlie  surface  of  the  water 
in  the  first  bulb,  which  soon  reduces  the  temperature  of  the  liquid 
111  (he  frcoxing-point.  Even  more  marked  effects  than  these  can 
Iw  obtained  by  the  evaporation  of  very  volatile  liquids,  like  ether 
'!■  snlphide  of  carbon.  Tlie  rapid  evaporation  of  ether  poured 
ii|.on  the  hand  occasions  a  very  distinct  sensation  of  cold,  and 
..iler  can  be  frozen  by  the  6va(>oration  of  ether  from  the  surface 
of  a  glass  bulb  covered  with  muslin  and  kept  moisU^ncd  with  the 
liqnid.  If  the  evaporation  is  accelerated  by  placing  the  apparatus 
under  the  receiver  of  an  air-pump,  even  mercnry  can  be  frozen  in 
this  way.  Indeed,  an  apparatus  has  been  invented  for  making 
ice  in  wann  countries,  by  the  evaporation  of  ether  in  a  partial 
vacuum. 

The  principles  of  latent  heat  can  in  no  way,  however,  be  more 
rtrikingly  illustrated  than  with  hquid  carbonic  acid.  When  this 
highly  volatile  liquid  is  allowed  to  escape  into  the  air,  it  ei^ 
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orates  with  sucli  rapidity,  as  has  been  stated,  that  the  larger  por- 
tion of  it  almost  instantaneously  freezes.  This  frozen  carboniq 
acid  can  easily  be  obtained  in  large  quantities  by  means  of  the 
apparatus  of  Thilorier.  From  the  valve  of  the  receiver  B,  Pig. 
42a,  a  tul^e  descends  to  near  the  bottom  of  the  vessel,  so  that,  on 
opening  the  valve,  the  liquid  is  forced  ont  by  the  tension  of  llic 
gas  in  tlie  interior.  A  cylindrical  brass  bos,  O,  connected  with 
tlic  valve  of  the  receiver  by  the  coupler  L  (wliich  fits  in  Ibo 
socket  iff),  and  so  constructed  as  to  break  the  force  of  tlie  jet, 
receives  the  liquid  as  it  issues  from  the  receiver,  and  soon  be- 
comes filled  with  solid  carbonic  acid,  which  resembles,  in  its 
general  appearance,  freshly  fallen  snow.  This  experiment,  it  will 
be  noticed,  is  analogous  in  principle  to  that  of  Leslie,  iu  which 
water  was  frozen  by  its  own  evaporation. 

A  further  illustration  of  the  principles  of  latent  heat  is  aflbrded 
by  the  fact,  that  the  solid  carbonic  acid  —  if  in  considerable  qnan- 
tity  and  surrounded  by  poor  conductors  —  maybe  kept  exposed  to 
the  air  for  hours  before  it  entirely  disappears.  Although  exceed- 
ingly volatile,  it  evaporates  only  slowly,  for  the  same  reason  that  s 
bank  of  snow  molts  gradually  during  a  warm  spring  day.  Tlw 
non-conducting  nature  of  the  vessel,  and  of  the  atmosphere  of  gas 
which  surrounds  it,  prevents  the  absorption  of  tbe  heat  which  is 
necessary  for  the  chauge  of  state.  If,  however,  it  is  brought  into 
close  contact  with  a  good  conductor,  like  metallic  mercury,  the  ra- 
pidity of  its  evaporation  is  greatly  accelerated,  and  the  tcmponitiut 
of  the  substance  raduced  to  that  of  the  solid  gas,  which  has  been 
estimated  as  low  as  — 90°  C.  In  this  way  large  masses  of  mercury 
can  easily  be  frozen.  A  greater  degree  of  cold  can  be  obtained  by 
mixing  the  solid  gas  with  a  little  ether,  which  forms  with  it  a  semi- 
fluid mass  capable  of  being  brought  in  closer  contact  with  sub- 
stances, and  thus  removing  their  heat  more  rapidly,  A  still  greater 
degree  of  cold  was  produced  by  Faraday,  by  placing  this  mixture 
under  the  receiver  of  an  air-pump  from  which  the  air  and  gaseons 
carbonic  acid  were  rapidly  removed.  An  alcohol-thermometer 
placed  in  this  mixture  sinks  to  the  temperature  of  — llfF;  nt 
this  low  temperature  the  mixture  of  solid  carbonic  acid  and  ether 
is  not  more  volatile  than  alcohol  at  the  ordinary  temperature. 

Similar  experiments  can  be  made  with  the  liquid  protoxide 
of  nitrogen,  which  is  obtained  in  Bianchi'fl  apparatus.  As  this 
does  not  freeze  bo  readily  as  liquid  carbonic  acid,  it  can  be  drawu 
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i  rrom  tho  coudcuscr  in  a.  1i(|iii(l  stale,  und  retains  its  condition 
a  ex[>o8od  to  llie  air  longer  ihan  solid  carlioiiic  acid.  It  can 
rvudily  liu  froMu  bj  its  own  evaporation,  aiid  it  funiislics  tlio 
iiioauit  of  ppoduring  tlio  lowest  Itjmperaturo  yet  attained.  When 
mixed  with  solid  carbonic  acid  and  ether,  It  produces  a  cold  so  in- 
ivnso,  that  absolute  alcoliol  exposed  to  it  asHunios  tho  consistency 
of  a  tliiek  oil,  and  a  tliermometer  imniersed  in  &  bath  formed 
by  mixing  this  liqnid  with  sulphide  of  carbon  was  observed  by 
Natterer  to  fall  to  — 140°  when  the  bath  was  placed  in  vacuo. 

(302.)  Applications  of  the  Latent  Heat  of  Steam.  —  The  great 
amount  of  boat  wliich  steam  contains  renders  it  exceedingly  val- 
uable in  the  arts  as  a  beating  agent.  Water  may  be  heated,  and 
even  boiled,  in  wooden  tanks,  by  blowing  steam  into  it,  or  by 
causing  llio  slcnm  to  circulate  through  a  coil  of  copper  pipe  at 
tiic  bottom  of  the  tank.  Buildings,  also,  are  very  frequently 
wanned  by  the  heat  of  steam.  The  steam  generated  in  a  boiler 
placed  in  the  basement  is  conveyed  by  iron  pipes  to  the  differ 
I'nt  apartments.  There  it  is  condensed  lo  water  in  a  coil  of 
iron  pipes,  or  in  a  condenser  of  some  other  form,  and  the  heat 
thus  set  free  is  radiated  from  the  iron  surface  of  the  condenser. 
Steam  is  likewise  used  as  a  source  of  iieat  lu  tlie  process  of  distil- 
liUion,  especially  when  the  substance  to  be  heated  is  liable  to  al- 
teration from  too  high  a  temperature.  For  this  purpose,  the  walls 
of  the  still  are  frequently  made  double,  and  the  steam  admitted 
Iwtween  tbo  t«'o.  It  is  sometimes  found  advanl/igeous  to  blow  tlie 
sltTam  through  tlio  mass  of  liiiuid  in  the  still,  in  which  caise  the 
volatile  product  passes  over  in  vapor  mixed  with  the  steam,  and 
tiic  two  are  condensed  together  in  the  worm  or  receiver.  This 
mulliod  is  constantly  used  in  the  distillation  of  volatile  oils  from 
organic  materials.  Sometimes  tbe  steam  is  highly  heated  by 
passing  it  through  red-hot  tubes  before  it  is  introduced  into  the 
etill.  In  this  way  the  fat  acids  and  many  other  substances  can 
be  dL^tillcd,  which  could  not  be  distilled  in  the  ordinary  way. 
This  method  is  in  fact  the  basis  of  an  important  process  used  in 

I  arts  for  decomposing  tallow  and  other  fats,  and  extracting 
1  them  the  fat  acids  and  glycerine,  substances  which  arc  used 
the  manufacture  of  candles  and  of  soap. 
"    S.)  Spheroidal  Condition  of  Liquitis. — It  has  already  beeu 

|tcd,  that  when  a  lirjuid  is  dropped  ufton  a  heated  Bnrraof',  the 

iDpcraturc  being  made  to  vary  with  tlie  nature  of  tbe  hi^uid,  it 
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aBBomes  the  spheroidal  condition,  and  rolls  roand 

OQ  tlie  surface  like  globules  of  mercury  on  a  porce- 

laiu  plato  (Fig.  431).     It  was 

i^^Z^^  also  stated,  tliat  the  temperature 

J^^BB  of  the  liquid  in  tliis  condition  is 

III  constant,  and  always  below  its 

I       I      ^^    boiliag-poiut.    This  fact  caa  bo 

•*^^~~^^    proved  by  testing  the  tempeia- 

turo   with   a    thermometer,   as 

shown  in  Fig.  432.    The  following  table  shows  iii 

each  case,  first,  the  temperature  at  which  the  liquid 

assumes  the  spheroidal  condition  in  a  heated  silver 

capsule  ;    and,   secondly,  the   temperature  of  the 

liquid  while  iu  tliU  condition :  — 


Water, 

.  i7r 

9^ 

100- 

Alcohol,    . 

ISl 

75A 

78 

EtKer,  .         .         .        . 

.       61 

34.2 

»5 

Sulphurous  Add, 

—10.5 

—10 

TVlien  in  tho  splicroiilal  condition,  the  globules  of  liquid  bare 
a  gyi-iitory  motion  on  the  bottom  of  the  capsulo,  and  not  only 
docs  the  liquid  not  boil,  but  it  evaporates  >~astly  moro  slowly 
tlian  when  it  is  in  actual  ebullition.  If  tho  source  of  heat  i* 
removed,  tlie  temperature  of  tlio  capsule  will  fall  until  a  point  is 
reached  at  which  tlio  liquid  wots  the  metaltic 
surface,  and  theu  the  liquid  will  boil  violently, 
and  bo  thrown  in  all  directions  with  almost  ex- 
plosive violence  (Fig.  433).  This  singular  plM- 
nomeuon  can  also  bo  shown 
by  pouring  a  small  quantity 
of  water  into  a  thick  copper 
flask  intensely  heated,  and 
corking  the  flask  while  tlio 
tho  spheroidal  condition.  For 
a  time,  all  remains  quiet ;  but  when  the  fi 
has  cooled  sufficiently,  tlie  water  will  be  sud- 
denly converted  into  steam,  and  tho  cork 
thrown  out  with  great  violence  (Fig.  434). 
It  has  also  been  proved  that  a  liquid,  when 


liquid 


li 


in  a  spheroidal  condition,  is  not  in  contact  with  a  heated  sur^ 

(mko.    Boutigiif  was  able  to  bco  tbe  flamo  of  a  caudlo  liclwcoa 

a  globule  of  water  rendered 

0)iai]iie  liv  lampblack  and 

llio  l)eat«d  surlJiec  on  wliich 

it  rcKlod  (Fig.  4:'>5)  ;  and, 

imiroover,  Wartmanii  and 

Poggcndorff  found  tlmt  a 

current  of  t-loctricily  would 

not  paFs  IfVtwecn  tlie  liquid 

ifplienjjd  and  the  metallic 

disk. 

The  explanation  of  these  singular  phenomena  has  already  been 
in  part  given.  We  have  seen  that,  whenever  by  the  action  of 
heat  the  adhesion  of  a  liquid  to  the  surface  on  which  it  rests 
l>eouiiius  less  than  twice  as  great  as  the  cohesion  between  the 
lifiuid  particles  tliemsdves,  tlie  liquid  will  no  longer  moisten  the 
Hirfaco,  and  we  can  readily  conceive  that  it  may  be  even  re- 
pelled by  it,  and  with  a  force  sufficiently  great  to  overcome  the 
weight  of  tlie  liquid  mafs.  That  such  a  repubion  really  exists 
Boutigny  proved  by  two  curious  experiments.  He  poured  water 
into  a  basket  made  of  platinum  wire-uetting  and  heated  to  redness, 
iind  fouud  that  the  liquid  did  not  dn>p  through  the  interstices. 
lie  also  whirled  round,  tu  a  sling,  a  heated  capsule  containing  ft 
liquid  globnle  in  the  spheroidal  state,  and  found  that  the  cen* 
trifugal  force  was  not  able  to  compel  coutact.  Assuming,  tlien, 
rhat  the  liquid  globule  is  sustained  at  a  small  distance  above  the 
heated  surface  by  the  repulsive  force  of  heat,  It  is  ea-xy  to  explain 
the  rest.  The  vapor  forming  on  the  lower  Eurfat-c  of  the  sphe- 
roid would  raiim  it  still  further  from  the  heated  tnetal,  and,  escap- 
ing unequally  around  tbe  contour  of  the  spheroid,  would  tend  to 
give  to  it  its  singular  motions.  Then,  again,  since  the  liquid 
is  not  in  contact  with  the  source  of  heat,  it  can  ordy  lie  heal«d 
by  radiation.  Now  a  part  of  the  rays  of  heat  will  be  refiectcd 
fn)m  (he  sur&ce  of  the  liquid  ;  and,  moreover,  the  greater  part  of 
llii.>s^  which  penetrate  it  will  pass  through  it  without  l»cing  ab- 
♦orlicil.  It  is  evident,  then,  that  tbe  spheroid  will  retain  but  a 
rmall  portion  of  the  heat  radiated  from  the  walls  of  the  metallic 
capsule;  atvd  8Uic«  it  is  aU  the  time  losing  heat  by  evaporation, 
63 
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it  is  not  wonderfal  that  its  temperature  should  be  reduoed  several 
degrees  below  the  boiling-point. 

By  following  out  the  principles  of  this  section  to  their  extreme 
consequences,  we  are  able  to  produce  some  very  paradoxical 
effects.  It  has  before  been  stated,  that  water  may  be  frozen  bj 
pouring  it  into  liouid  sulphurous  acid  while  the  latter  is  iu  tlie 
spheroidal  condition,  although  the  capsule  containing  it  may  be 
red-hot.  So  also,  by  substituting  for  liquid  sulphurous  acid  the 
mixture  of  solid  carbonic  acid  and  ether,  even  mercury,  placed 
within  the  red-hot  capsule  in  a  small  platinum  crucible,  may  be 
frozen  with  equal  certainty.  The  wonder  disappears  from  these 
phenomena  when  we  know  that  tlicse  higlily  volatile  liquids  are 
not  in  contact  with  the  heated  surface  of  the  capsule,  for  tlicy 
simply  produce  the  same  effects  in  their  spheroidal  condition  that 
they  would  under  other  circumstances.  A  still  more  paradoxical 
result  can  be  obtained  with  liquid  protoxide  of  nitrogen.  For 
tliis  experiment,  the  liquid  should  be  drawn  into  a  tube  sus- 
pended in  a  bottle  containing  a  few  lumps  of  chloride  of  cal- 
cium, by  means  of  a  cork  adjusted  to  the  neck.  Without  tliis 
precaution,  the  moisture  of  the  air  would  condense  as  hoar-frost 
on  the  tube,  and  render  the  wall  opaque.  If  we  pour  some  mer- 
cury into  this  tube,  it  will  sink  to  the  bottom  and  immediately 
freeze.  On  the  other  Iiand,  if  a  piece  of  burning  charcoal  is 
dropped  in,  it  will  float  on  the  liquefied  gas,  which  will  assume 
the  spheroidal  condition  around  it ;  but,  moreover,  what  is  very 
remarkable,  the  charcoal  will  burn  with  the  usual  intense  bril- 
liancy in  tlie  protoxide  of  nitrogen  gas  which  surrounds  it,  and 
we  shall  thus  have  in  the  same  test-tube  burning  charcoal  and 
frozen  mercury.  But  perhaps  the  most  marvellous  result  is  the 
impiuiity  with  whicli  the  moistened  hand  may  be  dipped  into 
melted  lead,  or  even  into  molten  cast-iron  as  it  flows  from  tlie 
furnace.  In  these  cases  the  adhering  moisture  is  converted  into 
vapc»r,  which  forms  an  envelope  to  the  skin  sufficiently  noii- 
condvicting  to  prevent  the  transmission  of  any  injurious  quantity 
of  heat  during  the  short  period  of  the  immersion. 
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STEAM-ENGINE. 


(304.)  It  would  lead  us  beyond  tlio  design  of  the  present 
work  to  enter  upon  any  detailed  description  of  this  wondert\il 
application  of  the  laws  of  vapors.  Wo  shall  only  bo  ubh)  to 
point  out  the  general  principles  of  the  machine,  and  to  iUuh- 
tratc  by  figures  some  of  its  most  important  forms.  Jt  has  al- 
ready been  shown,  that  when  water  is  confined  in  a  yucuouh 
space,  tliis  space  becomes  filled  with  vapor,  whose  tension  de- 
pends on  the  temperature,  and  rapidly  increases  as  the  tomfmra^ 
turo  rises.  It  is  the  object  of  the  steam-engine  to  convc^'t  this 
tension  into  mechanical  effect.  Every  steam-engine  must,  then, 
consist  of  two  parts  :  first,  the  boiler^  in  which  the  hUnun  in  gen- 
erated ;  secondly,  the  machine  proi)er,  by  which  the  tension  of 
the  steam  is  made  to  do  mechanical  work.  We  shall  <lo  well  to 
examine  the  various  forms  which  are  given  to  these  parts  siipa- 
ratcly. 

(306.)  The  Baiter. — The  form  of  the  steam-boiler  varies  very 
greatly  with  the  purposes  to  which  it  is  to  bo  apfilied,  and  on  its 
proper  construction  the  safe  and  economical  working  of  the  ma^ 
chine  iu  great  measure  depends.  The  lioiler  is  the  origin  of  the 
power ;  it  is  where  the  heat  evolved  by  the  burning  conibiihtible 
is  combmed  with  water,  to  reap|>ear  in  the  ex{>anhive  force  of 
steam.  The  machine  proper  merely  tranhniits  this  fon^5,  and, 
like  any  other  machine,  it  can  neither  increane  nor  dinjini«h  it, 
except  so  far  as  the  force  is  ex[x.'nded  in  oven^'injing  Ukiupn  or 
otlier  resistances  in  the  ma/;hine  itj^^.'lf 

The  two  chief  requisites  for  a  »;ti;aifKUiiIer  are  evidently,  first, 
tbe  strength  required  to  re^iht  the  ex{4intoive  fon'M  of  the  t^U^mu 
without  an  unnecessary  exi^iUht*  of  tijat^^rialii ;  and,  tau'/mdly^  tiitt 
capability  of  fumisliing  the  aiiM/unt  lif  hUtum  n'Jiuin*A  by  tbe  ^u^ 
gine  iu  any  given  time,  with  tbe  ^mallet^t  |/'/M:ible  exi^^-nditure  '/ 
fuel.  Tlie  boilers  are  ut<uallr  ina^ie  of  plat^rr,  ^riflMrr  of  n^ronglit' 
iron  or  of  c<«pper,  twhuA  UpiftdU*:r,  and,  wU:u  ii<'^;<?w-aiy,  are 
strengthened  1/r  cro^s  ir^^n  fetayis  in  ihe  luiMnor,  ('t^ffMcr  is  tit^ 
best  material,  but  iron  j«  aluy^t  invaii«bly  \f9MU^rr^'A  on  «4yy/uiil 
of  its  cheapreMi.  The  tlii^rk  t**?**  of  tl**;  );laU$«  \u  i«a/le  tm^i  Umi 
the  boiler  will  re«iK  a  very  tun'ih  ynuUr  U-Mtii^m  tliaii  mty  (/; 
which  it  can  €rver  be  ^rij^.i/iyj  t//  Uj  «;/|//h«yJ. 

It  is  geuerallr  umuusisA^  tJuai,  mi  */f4^}t  I//  tm^Ay  a  tiiU^ii^iu^u/m*:, 
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S5  litres  of  water  must  be  evaporated  iu  the  boiler  each  hoar  (or 
every  horse-power.  Now,  we  ktiow  that  at  least  650  X  35  ^ 
22,750  units  of  heat  are  required  in  order  to  convert  35  kih^ 
grammes  of  water  into  eteum  ;  and  thia  amount  must  tlierefon 
be  transmitted  during  on  hour  through  the  boiler-plates  foreveif 
horse-power  of  the  engine.  Cut  since,  even  tlirough  the  best 
conductors,  licat  is  transmitted  with  extreme  Etowness,  so  large 
a  quantity  can  only  be  made  to  pass  by  exposing  a  lai^  surlaoe 
to  the  action  of  the  flame.  Hence  tho  extent  of  the  heatinff  mr- 
face,  and  not  the  amount  of  water  contained  iu  a  boiler,  is  the 
measure  of  its  capacity  to  generate  steam.  It  is  tho  general  rule 
to  allow  about  1.7  square  metres  of  heating  surface,  and  about  TO 
square  centimetres  of  grate-bars  to  every  horse-power.  Moreover, 
in  order  to  obtain  the  full  effect  of  the  combustible,  it  is  essential 
that  the  heated  products  of  combustion  should  be  kept  in  con- 
tact with  tho  surface  of  tho  boiler  until  ttie  temperature  of  the 
smoke  is  reduced  as  nearly  as  possible  to  that  of  the  water  in 
tlie  boiler.  This  is  accomplished  by  making  the  smoke  circulate 
throiigli  tortuous  flues  in  contact  with  tlie  surface  of  the  boiler. 
The  quantity  of  heat  produced  by  the  burning  combustible  is  far, 
however,  from  being  entirely  economized.  It  has  been  found,  by 
experiment,  that  tho  whole  amount  of  heat  evolved  by  burning 
one  kilogramme  of  bituminous  coal  is  equal  to  about  7,500  units, 
which  would  cliango  into  steam  ^^^  =  11.5  kilogrammes  of 
water,  if  it  all  passed  through  the  boiler-plates  into  tho  water; 
but  so  much  beat  is  lost  by  incomplete  combustion,  by  radiation, 
by  conduction  through  the  mass  of  the  funiace,  and,  finally,  by 
the  smoke,  which  must  bo  dlscliargcd  into  tho  chimney,  still 
heated  to  between  200°  and  400°  in  order  to  sustain  tho  draught, 
that  practically  one  kilogramme  of  coal  will  not  evaporate  more 
than  from  five  to  seven  kilogrammo-s  of  water  with  liio  best  con- 
structed furnaces. 

Tbo  conditions  of  efficient  ac- 
tion just  considered  are  l>ost  com- 
bined m  what  is  termed  tho  Com- 
i--b  boiler,  which  is  represented  in 
I  ig  4^6.  It  is  cylindrical  in 
foim,  frequently  over  forty  feet 
111  length,  an<l  from  five  to  seven 
n«-«a-  feet  in  diameter,  with  two  flues. 


«T 


which  extend  tha  whole  length  of  tho  boiler  ;  tht>j-  arc  ix-if^HJlly 
crUndrical,  and  of  suthciunl  magnittido  to  ftdiiiit  n  furikiicn  Ui 
each.  After  tlio  hoatod  gasos  have  traversed  tliewi  iiim  thmi', 
they  aro  returned  around  tho  surfaco  of  tho  boilor  liy  oxli>niul 
flues  made  Ju  the  brick-work  which  ttupporttt  il.  Tho  i-iiviiit 
v.iiidi  the  hot  g^ases  perform  in  contact  with  thn  lioilortinjT.ioi)  iw, 
'I  mifrequontly,  loQ  foot  long,  and  tliu  houtiuR  Hurfnoo  vximnhvI 
[<>  tlieir  action  uvor  3,000  square  fuot.  Another  form  of  bnller 
niueli  used  for  stationary  engines  iu  Franco  in  niiii-muntud  In 
Figs.  437  and  438.     This  boiler  in  also  cylindrical,  hut  In  tho 


l^ace  of  the  internal  flues  xued  in  the  OtmUU  IwiW,  Ihn  luralinK 
surface  b  increased  by  meant  o(  two  lutKi  boail/ruri,  II,  P[|f. 
437,  which  are  oonoMted  with  Uw  inain  eyliiid«r  by  tlte  »«rt»»l 
lubw  P,  P,  P.  The  flame  tit  the  famace  play*  directly  aipiiu*! 
ttic  tubf$  bouUlemrt ;  tlie  heated  fcaaea  are  Uwti  mxnmnd  uii4l«r 
U«e  main  cylinder  in  the  Ave  O,  Pig.  4M,  and  am  finally  dU- 
cbargvl  into  the  e\aiaaej  Umm^  the  fide  flnei  x,  x,  mUiU  % 
damptir  at  R  verraa  to  K^latA  the  Ana^t, 

With  a  ttatioaary  boiler,  vmuaatf  tit  fael  tfl,  aa  a  psMnI  raU, 
the  great  iaUentmrnj  asd  bi  skmC  caaea  tbti  farm  can  be  fhtm 
to  ft  by  wUch  Oia  cod  b  bat  audoed.  U  fa  dtCtraul  wiUi  llw 
boHer  of  a  iir  iwiliiii  or  of  a  toawamtw  aiigfaw,  WMh  ttw  «n«, 
ecoaomy  of  IM  ia  ^aa  Oe  prinmrj  ernnidtwatfait,  b«eB«*t.  Mliar- 
wiM,  loBC  TOfafea  wodd  b«  kifBiidllpi;  bwt  mmtmf  t4  tftm 
ntat  aba  be  aModctad,  MMd  M  fa  dwnfeM  MMMfal  dMrt  dM  •*«» 
r*oaUWmCrfatadlO'r>»MaarT»wlM*M*.  WMK 
itc,aa*Baaorha«l,ifNadfa,aaaiVMMr»l  rwKtfM 
.Md^ai— KbaimriilitMifftiiKrffc**-     IM 
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speed  implies  a  very  rapid  consumption  of  steam,  since  for  VKrj 
revolution  of  the  driving-wlieel  of  a  locomotive  its  two  cylinders 
must  be  filled  and  vented  twice  ;  hence  the  eliief  requisite  of 
a  locomotive  boiler  is,  tliat  it  should  generate  tlie  greatest  pos- 
sihlc  amount  of  steam  in  a  given  time.  In  all  cases,  the  nu- 
chinist  endeavors  to  combine  the  requisite  conditions  as  well  u 
the  circumstances  admit,  and  the  efficiency  of  his  engine  depends 
in  great  measure  on  his  success.  Unfortunately,  he  is  guided 
almost  entirely  by  empirical  rules  ;  and  there  are  few  branches 
of  practical  art  in  which  so  ranch  remains  to  lie  determined  and 
improved,  and  scarcely  any  which  theoretical  science  has  doue  so 
littb  to  advance. 

Tlio  usual  form  given  to  the  boiler  of  a  locomotive  is  repre- 
sented in  Fig.  439.  The  furnace  A,  called  t\\o_fire-box,  is  within 
the  boiler,  and  surroQudcd 
by  water  except  at  the  door 
D  and  at  the  ash-pit  Tin 
fiame  is  conducted  from  this 
fire-box  to  the  smoke-box  B 
through  a  largo  number  of 
brass  tubes,  which  are  all 
surromidi^d  by  the  water  of 
the  boiler.  There  it  meets 
with  a  jet  of  steam  comiag 
from  the  cylinders,  which 
creates  a  strong  draught  and  drives  the  waste  gases  iip  tlie  chim- 
ney. Tiie  boiler  of  a  locomotive  is  Bunnoiuitcd  by  tlie  steam- 
dome,  E;  and  a  tube  willi  a  funnel-sliapcd  orifice,,opening  near 
the  top  of  this  dome,  receives  tlie  steam  and  conveys  it  to  tlie 
cylinders  through  F.  This  arrangement  prevents,  to  a  great 
degree,  the  spray,  which  rises  from  the  water  of  the  boiler 
and  is  mixed  with  the  steam  in  tlie  upper  part  of  it,  from 
reaching  the  cylinders  ;  as  the  steam  ascends  tlie  stcam-domc, 
this  spray  falls  back,  and  nothing  but  pure  steam  enters  the 
tube. 

The  steam-boiler  is  always  provided  with  several  appendages 
for  the  purpose  of  regulating  the  quantity  of  water,  for  meas- 
uring the  teui^ion  of  the  steam,  and  for  preventing  tUc  accu- 
mulation of  a  pressure  wliich  would  endanger  the  safety  of  the 
boiler. 
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lit  is  essential  for  the  good  working  of  tlio  boUer,  tlmt  the 
■iter  slioiild  always  cover  tho  wholo  lieatiiiff  surface ;  licuce 
I  must  be  maiutaiiiod  above  the  level  of  the  flues.  Tlie  water 
I  supplied  to  tlie  Itoik'r  through  the  pipe  a  (Fig.  437),  which 
iches  nearly  to  tlie  l>ottom.  This  pipe  communicates  citlicr  with 
|l  elevated  reservoir,  or  with  a  force-pump  moved  by  the  engine, 
a  size  of  tho  pump  being  so  adjusted  that  the  amount  of  water 
reed  into  tlie  boiler  during  a  given  time  shall  be,  as  nuiirly  as 
possible,  equal  to  that  which  escapes  in  the  condition  of  ste^m 
through  the  steam-pipe  v  during  the  same  iutorval.  Tliis  adjust- 
ment, however,  is  uccessarily  imperfect;  and  hence  a  great  variety 
t  inventions,  by  which  tlie  suj)ply  of  water  is  regulated  automati- 
[y,  and  made  to  depend  on  the  [losition  of  the  watei'-level  iu 
I  boiler.  Various  contrivances  are  in  u^e  for  indiealiug  to  the 
pneer  Uic  height  of  the  water.  One  of  tiie  simpb^st  of  these  is 
I  glass  gauge  i-epresentcd  at  n  (Fig.  437).  It  consists  of  a  thick 
ss  luije  firmly  cemented  into  iron  caps,  by  means  of  which  it 
communioates  with  tho  interior  of  the  boiler.  It  is  so  placed, 
that,  when  the  water  is  at  the  proper  level,  the  tower  mA  sliall 
•en  below  the  surface  of  tho  water,  and  the  upper  end  above  it ; 
asecjueully,  the  water  will  always  stand  at  tlie  same  lerel  in  the 
5  in  the  boiler.  Another  kind  of  indicator  is  represented  iit 
It  consists  of  a  float,  which  is  connected  with  a  coujiter[ioise 
r  a  metallic  wire  passing  over  a  pulley,  and  through  a  packing- 
L  the  top  of  the  boiler.  Tho  position  of  the  level  of  the 
Siter  is  indicated  either  by  the  position  of  the  counterpoise,  or  by 
fl  needle  attached  to  the  axis  of  the  pulley,  and  moving  over  a 
graduiiteil  disk.  Pome  Iwilers  are  also  provided  wilh  an  alarm- 
whihile,  .S,  so  arranged  that  it  is  opened  by  the  float  f  when  tlie 
level  of  the  water  falls  too  low. 

The  tension  of  the  steam  in  the  interior  of  the  boiler  is  iudi- 
^j*ted  by  a  manometer,  which  may  bo  either  of  those  already 
^KKribcd  (Figs.  104,  273,  or  279). 

^Hla  order  to  limit  the  tension  of  the  steam,  every  lioiler  is  fur- 

^VMied  with  one  or  more  safety-valves,  represented  at  /"(Fig.  437), 

and  also  iti  dcuil  in  Fig.  440.     The  valve  is  kopt  closed  by  thi? 

weight  P,  acting  on  ihe  lever  O,  and  this  weight  is  so  adjusted 

I  tho  area  of  tho  valve,  that   the  valve  will  open  as  soon  us 

s  tension  of  the  steam  exceeds  a  limited  amount.     The  area  of 

B  ralve  ts  adjusted  to  the  ejctool  of  tlie  lieating  surface  of  tlie 
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boiler,  and  to  the  maximum  tension  at  vhich  tho  boiler  can  be 
worked  with  safety.  It  is  determined  hy  means  of  the  empirial 
formula, 


ill  which  d  is  the  diameter  of  tho  toIto,  iS  the  area  of  the  beatii^ 
surface  of  tlio  boiler,  aud  H  the  maximum  tension  of  the  steam. 
It  lias  been  found  tliat  a  valro  witli  Uie  dimensions  given  by  this 


formula  will  allow  all  the  steam  to  escape  which  can  be  generated 
I>f  the  most  active  tiro  ;  but,  for  greater  security,  a  boiler  is  gen- 
erally provided  with  two  valves  of  these  dimensions. 

Wo  can  also  limit  the  tension  of  the  steam  by  fixing  a  limit  to 
its  temperature.  This  can  bo  done  by  closing  a  tubulature 
adapted  to  the  upper  part  of  the  boiler  witli  a  plate  made  of 
fusible  allov,  whose  proportions  have  been  so  adjusted  (272)  that 
it  sball  melt  when  tho  steam  attains  the  temperature  which  cor- 
responds to  the  maximum  tension  which  tho  boiler  is  calculated 
to  sustain.  This  plate,  which  is  quite  brittle,  is  held  in  its  place 
by  an  iron  collar,  and  protected  by  an  iron  grating,  which  ena- 
bles it  to  resist  the  pressure  of  the  steam.  The  use  of  these 
plates,  however,  is  liable  to  serious  objections.  They  not  only 
render  tho  boiler  unserviceable  for  the  time,  if  they  yield,  but, 
moreover,  the  melling-point  of  the  plate  is  liable  to  a  change 
from  the  eli(|nation  of  the  more  fusible  metal. 

(SOiJ.)  Dimensions  of  Steam-BoUen.  ■ — As  in  the  last  eeo- 
tion  tho  dimensions  of  the  steam-boiler  were  given  in  French 
measure,  it  may  be  well  to  add  the  following  English  data,  taken 
from  tho  Encyclopedia  Eritaniiica,  Article  Steam- Engine,  pr&- 
miijing  that  by  a  horse-power  is  meant  a  force  of  that  intensity 
which  will  raise  33,000  pounds  one  foot  per  minute,  or  nearly 
2,000,000  pounds  one  foot  per  hour. 


OrdliMtry 

Oornbli 

BoUer. 

1 

1 

10 

or  more. 

10 

or  more. 

1 

2 

15 

60  to  70 

60 

150 

lOlbs 

\.    5jlb3. 

6  " 

lit  " 
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Condtticm  for  each  HorBe'Power. 

Quantitj  of  water  to  be  evaporated  per  hour  in  cubic  feet, 

Volame  of  water  in  boiler  in  cubic  feet, 

Volume  of  steam  in  steam-chamber  in  cubic  feet, 

Area  of  fire-grate  in  square  feet,  .... 

Area  of  heating  surface  in  square  feet,     • 

Circuit  of  flues  in  linear  feet, 

Bituminous  coal  per  hour  for  each  horse-power,     . 

Water  evaporated  by  each  pound  of  coal, 

Bituminous  coal  consumed  per  hour  for  each  square  foot 

of  grate, 10  "      2}  <* 

(307.)  Wati*s  Condensing- Engine.  —  The  steam-engine,  in 
its  present  form,  was  invented,  between  the  years  1768  and  1769, 
by  James  Watt,  originally  a  maker  of  philosophical  instruments 
in  Glasgow.  This  invention  stands  without  a  parallel  in  the 
history  of  the  mechanic  arts.  Perfect  almost  from  its  first  con- 
ception even  in  its  minutest  details,  it  has  since  received  no 
improvement  involving  a  single  principle  unknown  to  Watt.  It 
is  true  that  we  have  machines  at  the  present  day  which,  not 
only  in  magnitude,  but  also  in  the  perfection  of  the  mechanical 
details,  and  in  the  beauty  and  simplicity  of  the  combination  of 
the  several  parts,  far  exceed  any  Watt  ever  saw ;  but  all  these 
improvements  have  been  only  the  necessary  development  of  his 
first  conception. 

ilost  of  the  parts  of  the  condensing-engine  are  shown  in  Fig. 
441,  which,  although  necessarily  imperfect  in  its  details,  will 
serve  to  illustrate  the  relation  of  the  parts.  The  most  essential 
part  of  the  machine  is  the  large  cast-iron  cylinder  (shown  on  the 
left-hand  side  of  the  cut),  within  which  moves  the  piston  P. 
The  interior  of  this  cylinder  is  turned  on  a  lathe,  so  as  to  be 
perfectly  true,  and  the  sides  of  the  piston  are  made  elastic  by 
what  is  termed  the  packings  which  prevents  any  leakage  of  the 
steam  aroimd  the  edge.  The  surfaces  of  this  piston  receive 
directly  the  pressure  of  the  steam ;  and  it  is  therefore  to  be  re- 
garded as  the  point  of  application  of  the  expansive  force,  and 
the  ori^n  of  the  motion  of  the  engine.  The  steam  generated 
in  the  boiler  just  described,  and  conveyed  to  the  machine  tlirough 
the  steam-pipe,  is  first  received  into  the  valve-chest  b  through  the 
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aperture  o,  and  from  tliis  it  is  admitted  alternately  into  tbo  top 
and  bottom  of  tlio  cyliiidcr  by  a  eliding-valve,  wliich  is  movi-d  by 
the  mi\  b  m,  passing  tliRmgli  a  pncking-I'ox  on  top  of  theiralT*M:Iiest 


The  same  ralvo  also  opens  and  closes  tlie  vent-liole  d,  by  V 
tho  steam,  after  having  done  its  work  in  moving  tlie  pi* 
discharged  alternately  from  either  end  of  the  cylindur  through 
tho  ediiction'pipe  U.  When  the  valve  is  in  the  position  repffr 
genf«d  in  Fig.  441,  the  steam  has  free  accoss  to  the  appcr  part  of 
the  cylinder,  and  presses  on  the  top  of  the  piston,  whilo  from  tbo 
s])ace  helow  the  piston  a  vent  is  opened  thronj^h  Die  tube  a  V, 
Consequently  the  piston  falls ;  hut  when  it  roacliee  tho  hotltnn  ot 
tlie  cylinder,  tho  position  of  tlic  valve  is  suddenly  ctuuigcd  to  that 
represented  in  Fig.  442,  and  a  connection  is  opened  botvoen  the 
upper  part  of  the  cylinder  and  the  edncUon-pipe,  l 
same  timo  the  steam  is  admitted  below  the  piston,  wl 
is  thus  reversed.     ^Vhe^  tho  piston  r:iachos  the  lop  c 
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der,  tlio  position  of  the  valve  is  again  changed ;  and  thus  continu- 
ously, so  that  a  reciprocating  motion  is  the  result.  This  motion 
is  communicated  by  the  piston-rod  Aj  which  passes  steam-tight 


fig.  4a 


through  the  packing-box  d,  on  the  head  of  the  cylinder,  to  one 
arm  of  the  large  lever  L,  called  the  beam^  and  by  the  beam  it  is 
further  transmitted  through  the  connecting-rod  I  to  the  crank  K, 
which  turns  the  shaft  of  the  engine,  and  gives  motion  to  the  ma- 
chinery connected  with  it. 

Fly-Wheel. — When  the  piston  is  at  the  top  of  the  cylinder,  the 
crank  is  in  its  lowest  position ;  and,  on  the  other  hand,  when  the 
piston  is  at  the  bottom  of  the  cylinder,  the  crank  is  in  its  highest 
position.  In  either  of  these  positions,  called  the  dead  points^  it 
is  obvious  that  the  pressure  of  the  steam  can  communicate  no 
motion  to  the  crank,  and  the  machine  would  come  to  rest  were  it 
not  for  the  large  iron  wheel  T,  called  the  fly-wheeU  which  is 
attached  to  the  shaft  and  revolves  with  it.  This  wheel,  which 
has  a  large  mass  of  matter  in  its  rim,  having  once  received  a 
certain  velocity  of  rotation  on  its  axis,  carries  by  its  inortia  the 
crank  and  piston  through  the  dead  points,  and  brings  them  into 
a  porition  in  which  the  power  becomes  effective. 


624  CHEMICAL  PHYSICS. 

The  fly-wheel,  moreover,  equalizes  the  motion  of  fhe  macluiie, 
and  gives  a  uniformity  to  its  action  it  could  not  otherwise  have, 
owing  to  the  unequal  leverage  at  which  the  connecting-rod  acts 
on  the  crank  in  its  different  positions.  Then,  again,  the  uni- 
form rotation  of  the  wheel  acts  back  upon  the  piston  through 
the  crank  with  the  happiest  effect,  bringing  the  piston  slowly  to 
rest  at  the  end  of  each  stroke,  and  thus  preventing  the  jar  which 
would  result  from  a  sudden  change  in  tiie  direction  of  the  mo- 
tion. Indeed,  this  whole  combination  is  one  of  the  happiest 
results  of  mechanics,  and  will  repay  the*  most  careful  study.  A 
fly-wheel  is  only  essential  in  a  stationary  engine.  In  tlie  engine 
of  a  steamboat  or  a  locomotive,  the  same  effect  is  produced  by 
the  momentum  of  the  moving  mass. 

Parallel  Motion.— T!\\q  system  of  jointed  rods  CD  jE?  (Pig.  441), 
by  which  the  piston-rod  is  connected  with  the  beam,  called  the 
parallel  motion^  is  an  ingenious  invention  of  Watt  to  prevent  any 
lateral  strain  on  the  former.  Since  the  end  of  the  piston-rod  most 
move  in  a  vertical  line,  while  the  end  of  the  beam  describes  the  arc 
of  a  circle  coinciding  with  this  line  only  at  one  point,  it  is  easy 
to  see  that  they  could  not  be  directly  jointed  together ;  and  it 
can  also  be  readily  shown,  by  the  principle  of  the  composition  of 
forces,  that,  if  they  were  connected  by  the  rod  D  alone,  a  lateral 
strain  would  be  exerted  on  the  piston-rod  which  would  soon  de- 
range the  machinery.  By  means  of  the  system  of  rods  repre- 
sented in  the  figure,  the  end  of  the  piston-rod  is  suffered  to 
move  in  a  vertical  direction,  and  the  lateral  force  resulting  from 
the  decomposition  of  the  motion,  in  its  transmission  to  the  beam, 
is  balanced  by  the  resistance  of  the  rods  C  and  E^  called  radius 
barsy  which  are  connected  by  joints  to  the  frame  of  the  engine. 

The  parallel  motion  of  Watt  does  not  completely  answer  its 
object,  that  is,  it  does  not  cause  the  end  of  Uie  piston-rod  to  move 
in  an  absolutely  straight  line  ;  and  when  the  stroke  of  the  piston 
bears  a  large  proportion  to  the  length  of  the  beam,  the  deviation 
from  a  straight  line  becomes  of  practical  importance.  Hence, 
a  large  number  of  other  parallel  motions  which  have  been  in- 
vented to  remedy  this  defect.  One  of  the  simplest  contrivances 
for  the  purpose,  and  the  one  generally  used  in  this  country, 
consists  in  directing  the  motion  of  the  piston-rod  by  a  cross-piece 
sliding  in  vortical  grooves,  which  are  kept  in  their  place  by  a 
stiff  frame-work. 
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Tke  Eccentric. —  It  has  already  been  shown  that  the  connec- 
tions between  the  ends  of  the  cylinder  and  the  boiler  or  vent- 
tabe  may  be  alternately  opened  and  closed  by  a  sliding  motion 
given  to  the  valve  ;  it  now  remains  to  show  how  this  motion 
is  obtained  automatically.  A  wheel  (£,  Fig.  442),  called  the 
ecceniricy  is  so  attached  to  the  main  shaft  of  the  engine  tliat  its 
centre  does  not  coincide  with  the  axis  of  rotation.  This  eccen- 
tric revolves  within  a  metallic  ring,  C,  and  imparts  to  it  a  back- 
ward and  forward  motion,  which  is  transmitted  by  the  arm  Z  Z 
to  a  bent  lever,  Soy,  and  by  that  to  the  rods  d  and  6,  which  act 
directly  on  the  valve.  The  extent  of  the  motion  of  the  valve 
is  easily  regulated  by  the  length  of  the  arms  of  tlie  lever,  and 
the  moment  at  which  it  begins  to  move  in  either  direction  is 
determined  by  the  position  of  the  eccentric  on  the  shaft.  In 
starting  the  engine,  or  in  reversing  its  motion,  the  valves  arc 
moved  by  hand,  and  tliere  is  always  a  handle  connected  with  the 
lever /So y  for  the  purpose.  It  is  not  until  after  the  fly-wheel 
has  acquired  a  certain  momentum,  that  the  arm  Z  Z  of  the 
eccentric  is  geared  on  to  the  lever  at  S.  In  order  to  stop  tlie 
engine,  the  arm  is  ungeared  and  the  motion  of  the  valves  regu- 
lated, as  before,  by  hand.  There  is  no  part  of  the  steam-engino 
on  which  more  ingenuity  has  been  shown  than  on  the  vu1v(>n,  and 
the  automatic  machinery  for  opening  and  cloning  tli<*ui.  'i'lie  form 
of  the  valve  represented  in  the  above  figures  is  the  simph;i»t,  and 
is  very  generally  used  in  small  engines ;  but  in  large  engines 
there  are  frequently  four  separate  valves,  which  are  oijened  and 
closed  independently. 

The  Condenser.  —  If  the  eduction-pipe  I/' (Fig.  441)  ofMuutd  di- 
rectly into  the  atmosphere,  the  engine  would  work  in*T{wi\y  well 
with  only  the  parts  which  have  been  now  iUimtrWHul ;  only  there 
would  be  a  loss  of  power :  for  a  fxirti^iu  of  the  ex|HinNive  force  of 
steam  would  be  expended  in  overcomhig  the  preMiin;  of  th<5  air. 
Watt  avoided  a  part  of  tiiis  hitm  by  an  application  of  the  well- 
known  law  (287),  that  tlie  tension  of  uny  vafior  in  vmim{|n  c^mi^ 
municating  with  each  other  is  always  tliat  wUkU  v^tmminnttln  to 
the  temperature  of  the  coldetit  veM«;l.  Ife  c/tuhnnUul  the  tuiiuy 
tion-tube  of  his  engine  with  a  larg^/l  nUmud  iron  \hh  (  (^^  Fig. 
441),  called  the  eandemer^  m  tliai  wheiiirvirr  by  Um^  luniUm  of 
the  valve  the  orifice  of  tli«  e«Jit/;ti/;f^tiiiMf  1#  if\mntA\^  the  wanf^ 
steam  rushes  al  oiMoe  iiito  tli4  i>/M  v<i4Mi1,  li;aviii|/  a  |MirUai 
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vacuum  in  the  cylinder,  against  which  the  fresh  steam  acts  wifh 
nearly  its  full  force. 

The  gain,  however,  thus  obtained  is  not  so  great  as  it  woold 
at  first  sight  seem,  since  a  portion  of  the  power  tlius  realized  is 
expended  in  working  the  pumps  connected  with  the  condenser. 
In  order  to  produce  a  sudden  condensation  of  the  steam,  it  is 
necessary  to  discharge  into  the  condenser  a  constant  stream  of 
water.  This  water,  forced  in  by  the  atmospheric  pressure  throitgli 
the  pipe  T  (Pig.  441),  which  ends  in  what  is  termed  a  rose,  is 
showered  in  fine  jets  through  the  chamber.  The  amount  of  water 
which  it  is  thus  necessary  to  introduce  is  at  least  twenty  times  as 
great  as  the  weight  of  steam  condensed,  and  would  soon  fill  tlie 
condenser.  Hence  the  necessity  of  the  pump  My  worked  from 
the  beam  of  the  engine,  by  which  both  the  hot  water  and  any 
air  that  may  be  mixed  with  it  are  rapidly  removed,  and  tlie 
water  discharged  into  the  hot  well  N.  The  piston  of  this  pump, 
called  the  air-pump^  has  generally  about  one  half  of  the  area  aud 
one  half  of  the  stroke  of  the  large  piston,  and  the  general  ar- 
rangement of  its  valves  may  be  seen  in  Fig.  443.  The  condenser 
is  usually  entirely  immersed  in  a  tank  of  water,  called  the  cold 
well,  which  is  fed,  when  possible,  by  an  aqueduct,  or  otherwise 
by  a  suction-pump,  as  U,  Pig.  441,  worked  by  a  rod  attached 
to  the  beam  of  the  engine,  and  drawing  its  water  from  some 
neighboring  well.  Still  a  third  pump  is  frequently  attached  to 
the  beam,  which  draws  water  from  the  hot  well  and  forces  it  into 
the  boiler.  The  supply  of  water  to  the  condenser  is  regulated 
by  a  valve  so  placed  as  to  be  at  the  conmiand  of  the  engineer, 
and  before  stopping  the  machine  it  is  necessary  to  close  this 
valve. 

The  machine  which  has  just  been  described  may  be  regarded 
as  a  representative  steam-engine.  The  student  must  not  expect 
to  find  the  parts  of  an  actual  working  engine  as  simple,  or  com- 
bined in  the  same  way,  as  those  represented  in  Fig.  441 ;  but 
having  once  become  familiar  with  the  parts,  as  they  are  shown  in 
this  figure,  he  will  be  able  readily  to  recognize  them  in  a  work- 
ing engine,  and  to  trace  out  the  connection  of  their  motions. 

(308.)  Sinffle-actinff  Steam-Engine. — When  the  steam-engine 
is  used  for  pumping  water,  which  was  at  first  its  only  practical 
application,  its  force  is  required  only  in  raising  the  pump-rods 
with  their  load  of  water,  their  own  weight  being  more  than 


Euflicient  for  their  descont.  If  the  piston  and  pump  rods  are 
attached  to  opposite  eiids  of  a  working-beam,  the  force  of  the 
eteam  ie  only  required  in  pressing  the  piston  down ;  and  there  is, 


therefore,  no  necessity  of  admilliiig  the  steam  to  tlie  bottom  of 
the  cylinder.  Engines  constructed  for  this  purpose,  in  which  the 
steam  acts  only  ou  one  side  of  the  piston,  are  called  single-actings 
engines,  to  distinguish  them  from  the  dovble-acling  engines  de- 
scribed in  the  last  section.  They  are  generally  used  for  pumping 
water  from  mines,  and  are  frequently  called  Cornish  engines, 
because  they  were  brought  to  perfection  in  the  mining  district  of 
Cornwall,  in  England.  A  representation  of  one  of  tliese  engines 
is  given  in  Fig.  443. 

The  steam  from  the  boiler  enters  the  valve-chest  by  the  tube 
T.  A  rod,  d,  passing  tbrongh  a  packing-box  in  the  top  of  the 
valve-chest,  moves  three  valves,  m,  n,  o.  The  valves  m  and  o 
open  upward,  while  the  valve  n  opens  downward.  When  the 
valves  are  in  the  position  represented  in  the  figure,  m  and  o  open 
and  «  closed,  the  steam  from  the  boiler  exerts  its  full  effect  on 
tlie  upper  surface  of  the  piston,  and  presses  it  down ;  but  just 
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before  the  piston  roaches  the  lowest  point  of  its  coarse,  ft  pnge^ 
tion,  6,  on  the  rod  F,  moved  by  the  beam,  strikes  ilie  arm  <^  i 
bent  lever,  dck^  which,  acting  on  tlie  valve  rod  at  d,  oauset  it  to 
descend,  thus  closing  the  valves  m,  o,  and  opening  the  valve  s, 
called  the  equilibrium  valve.  All  connection  between  the  cyliih 
der  and  either  the  boiler  or  condenser  is  now  closed ;  but  the  two 
ends  of  the  cyliud'3r  freely  communicating  together,  the  piston  is 
raised  by  the  weight  of  the  pump-rod  Q,  while  the  steam  passes 
fi*om  the  top  to  the  bottom  of  the  cylinder  throogli  the  tube  C. 
As  the  piston  now  reaches  the  top  of  the  cylinder,  a  second  pro- 
jection, a,  on  the  rod  F^  strikes  the  end  of  the  bent  lever  and 
restores  the  valves  to  their  first  position ;  then  the  piston  descends 
as  before,  and  so  continuously.  Parallel  motion  is  obtained  in 
these  engines  by  the  very  simple  arrangement  represented  in  flie 
figure,  and  the  condenser  is  the  same  as  that  described  in  the  last 
section.  The  efficiency  of  these  engines  is  estimated  by  the 
number  of  pounds  of  water  which  they  are  capable  of  elevatiug 
one  foot  by  the  combustion  of  one  bushel  of  coal.  This  number 
is  termed  the  duty  of  the  engine.  By  a  careful  constructioa 
and  management  of  the  engine  and  boiler,  this  duty  has  been 
raised  as  high  as  125,000,000  pounds. 

(309.)  The  Non-condensing  Engine. — This  form  of  the  steam- 
engine  differs  from  those  just  described  only  in  this,  that  it  has 
no  condenser,  and  the  steam  is  vented  from  the  cylinder  directly 
into  the  atmosphere.  Although,  for  the  reasons  already  stated,  it 
cannot  be  worked  so  economically  as  the  condensing  engine,  it 
has  the  advantage  of  greater  sim])Iicity  and  compactness,  and  its 
first  cost  is  much  less  than  that  of  its  more  cumbrous  rival.  It 
is  therefore  frequently  preferred  when  these  considerations  are  of 
more  importance  than  the  saving  of  a  few  tons  of  coal.  There  is 
nothing  peculiar  in  the  construction  of  this  form  of  engine,  and 
either  of  the  machines  just  described  might  be  converted  into  a 
non-condensing  engine  by  simply  cutting  off  the  eduction-tubo 
and  disconnecting  the  pump-rods  from  the  beam.  Of  this  cU?s 
the  most  important  is  the  locomotive  engine  (Fig.  444),  and 
we  have  selected  it  as  an  example.  The  construction  of  the 
boiler  of  a  locomotive  has  already  been  described  ;  and  since 
we  are  now  acquainted  with  the  construction  of  the  single  parts 
of  a  steam-engine,  it  will  only  be  necessary  to  point  them  out 
m  the  figure. 


T  X  i«  Ih*  mtin  body  of  tlio  boiler ;  D,  the  lower  part  of  tbe 
I'ux  ;  y,  tlie  Miiokobox;  o,  llio  brass  tubcA  coniiectmg  tie 
CJ,  llio  firv-door,  b/  which  tlio  fuul  is  iutrotluood  ;  n,  the 


'Bter-gan^.  indicating  the  lord  of  the  ■W8t<?r  in  the  boiler; 
/,  tlitt  vui)l-«ock,  \iy  which  the  water  can  be  discharged  from  the 
oiler ;  R,  K,  the  feeders  which  conduct  wat«r  from  the  tender 
[>  two  forco-puaipa  (not  shown  iu  the  drawiug),  bjr  which  it  ia 
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forced  into  the  boiler ;  Z  Z,  the  dome  of  the  boiler;  t,  the  saSstf- 
Talves,  which  are  held  in  place  by  spiral  springs  endosed  in  ihs 
cases  e;  gy  the  steam-whistle  ;  J,  the  valve  opening  into  thB 
steam-pipe ;  G^  a  rod  which  controls  tlie  motion  of  the  valTe. 
In  the  drawing,  the  engineer  holds  in  his  hand  the  lever  by  which 
this  rod  is  turned  and  the  valve  opened  more  or  less,  as  ci^ 
cumstancos  may  require  ;  a  graduated  arc,  over  which  the  lever 
moves,  enables  him  to  adjust  the  valve  to  any  positi<Hi,  and  thm 
to  regulate  the  speed  of  the  engine.  A  is  the  steam-tube,  which 
conducts  the  steam  from  the  top  of  the  dome  to  the  two  cj^ 
ders;  this  tube  passes  through  the  boiler  into  the  smoke4iox, 
where  it  branches,  as  shown  by  dotted  lines  in  the  figure ;  bj 
this  arrangement  any  condensation  of  the  steam,  while  passing 
through  the  pipe,  is  prevented.  F  is  one  of  the  cylinders ;  there 
is  another  on  the  other  side  of  the  smoke-box ;  the  steam  is 
admitted  into  the  ends  of  these  cylinders  and  discharged  inni 
them,  by  means  of  sliding  valves  worked  by  eccentrics  on  the  axle 
of  the  driving-wheels ;  there  are  generally  two  sets  of  these  ec- 
centrics placed  in  opposite  positions  on  the  axle,  one  set  for  the 
forward  and  the  other  for  the  backward  motion  of  the  looomotiTe, 
and  so  arranged  that  they  can  bo  thrown  out  of  gear  or  brought 
into  action  at  the  pleasure  of  the  engineer.  All  this  part  of  the 
machinery,  however,  being  beneath  the  boiler,  is  not  visible  in 
the  drawing.  E  is  the  eduction-tul)e,  by  which  the  steam  is 
discharged  from  the  cylinder  into  the  smoke-pipe  Q;  tjt  are  stop- 
cocks, by  wliich  any  water  condensed  in  the  cylinders  may  be 
vented  ;  P  is  the  piston  ;  F",  the  packing-box,  through  which 
passes  the  piston-rod  ;  r  r  are  guides,  corresponding  to  the  par- 
allel motion  of  the  stationary  engine,  by  which  the  piston-rod  is 
forced  to  move  in  a  straight  line,  and  any  lateral  strain  pre- 
vented ;  and,  fnially,  K  is  the  connecting-rod,  by  which  the 
motion  of  tlie  piston  is  communicated  to  the  crank  M  on  the 
axle  of  the  large  driving-wheels.  In  starting  the  locomotive,  as 
in  the  other  forms  of  the  steam-engine,  the  valves  must  ho  moved 
by  hand  ;  a  lever,  communicating  with  the  valves  by  means  of 
connecting-rods,  marked  B  and  C  in  the  figure,  is  always  pro- 
vided for  til  is  purpose  near  the  front  of  the  engine.  It  is  only 
when  the  train  is  in  motion,  and  its  momentum  sufficient  to 
tegulate  the  movements  of  the  machine,  that  the  eccentrics  are 
thrown  into  gear. 
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(310.)  Mechanical  Power  of  Steam.  —  We  cau  easily  calcu* 
late  the  mechanical  power  generated  by  the  conversion  of  water 
into  steam  from  the  known  increase  of  vohune  *  which  accompa- 
nies tliis  change.  For  this  purpose,  lot  us  assume  that  we  have 
a  tall  cylindrical  vessel,  open  at  the  top,  the  area  of  who^e  base 
is  one  square  decimetre.  Let  us  further  assume  that  the  cylinder 
is  filled  with  water  at  4**  to  the  depth  of  one  decimetre,  and  con- 
tains, therefore,  one  litre  or  one  kilogramme  of  the  liquid  ;  and, 
lastly,  let  us  assume  that  a  piston  without  weight,  and  moving 
steam-tight  without  friction  in  the  cylinder,  rests  on  the  surface 
of  the  water.  If  now  we  raise  the  temperature  of  this  cylinder 
to  100^,  and  furnish  it  with  a  constant  supply  of  heat,  tlie  water 
will  change  into  steam,  occupying  1,698.5  times  its  former  vol- 
ume, and  having  a  tension  of  76  c.  m.,  or  one  atmosphere ; 
which  will  therefore  raise  the  piston  1,697.5  decimetres  under  the 
atmospheric  pressure,  tliat  is,  will  raise  103.33  kilogrammes  to 
the  height  of  169.75  metres.  The  mechanical  power  thus  exerted 
is,  then,  equal  to  17,540  kilogramme-metres  (com[>are  238).  If 
we  raise  tlie  temperature  to  120''.6,  and  furnish  a  constant  supply 
of  heat,  as  before,  the  water  will  change  into  steam  occupying 
896.22  times  its  former  volume,  and  having  a  tension  of  two 
atmospheres.  It  will,  therefore,  raise  the  piston  895.22  decime- 
tres under  the  pressure  of  the  air,  when  loaded  with  an  additional 
weight  of  103.33  kilogrammes,  tlius  exerting  a  mechanical  |:K>wer 
of  206.66  X  89.522  =  18,501  kilogramme-metres.  In  like  man- 
ner, the  other  values  given  in  the  fourth  column  of  the  followiug 
table  may  be  easily  calculated  :  — 


Com  of 

taAM- 

Totanaor 

IKikfraanw 

teUM. 

PiMPCir  Mi 

Total  llM* 

1  llaat  L'Ba  la 

ioo!b 

1 

1.698.5 

17^40 

637^ 

27.53 

120.6 

2 

896.22 

18^1 

643.3 

28.76 

144.0 

4 

474  J)  I 

19^83 

6.0O.4 

3^).  11 

170  8 

8 

252.67 

20^4 

658.6 

31.59 

By  comparing  the  conditions  a«f?umcd  aU>re  with  those  in  an 
actual  steam-engine,  it  will  lie  seen  that  the  fiower  given  in  the 

•  The  Tolanie  of  the  fterai,  m  mmpunc  viOi  that  of  aa  equal  vtiirfrt  of  vaier  aft 
4®,  emn  alvart  be  clicamed  br  dtridinrr  t)»«  wfi»**x  f>f  ttntf  *-u>t^  UMtrv  of  waf«rr  at  4^ 
(one  miltioti  y^Miamu)  bj  the  vdfbc  U  nwt  enUi-  metfi;  of  Mwai  a*  (Itco  m  ibe  tabit 
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above  table  is  the  greatest  possible  power  which  can  be  obtained 
bjr  the  conversion  into  steam  of  one  kilogramme  of  water  at  the 
diJOTerent  temperatures ;  provided,  as  we  assumed  in  the  desmp 
tion  of  the  steam-engine  (307),  that  the  tension  of  the  steam 
does  not  change  from  the  time  it  leaves  the  boiler  until  it  is  dis- 
charged into  the  condenser,  and  provided,  also,  that  tlie  steam 
acts  against  a  perfect  vacuum.  These  conditions  are  never  fully 
realized  in  practice,  so  that  even  witli  the  best  regulated  ma> 
chines  we  only  obtain  from  ono  half  to  two  thirds  of  the  theo> 
retical  effect. 

The  total  number  of  units  of  heat  required  to  change  one 
kilogramme  of  water  into  steam  of  one,  two,  four,  and  eight 
atmospheres', pressure,  as  calculated  by  [202],  is  given  in  the 
fifth  column  of  the  above  table,  and  the  sixth  column  shows  the 
power  obtained  in  each  case  by  the  expenditure  of  one  unit  at 
heat.  It  will  be  noticed  that  the  power  is  nearly  the  same  in 
all  cases,  and  hence  it  follows,  apparently,  that  no  important  gain 
is  obtained  by  tlie  use  of  steam  of  high  tension.  There  is,  hov- 
ever,  a  mode  of  working  the  steam-engine  in  which  the  gain  tlins 
eflfected  is  very  great. 

Let  us  suppose  that  the  boiler  is  supplying  steam  of  four  atmos- 
pheres, which,  as  the  table  shows,  it  can  supply  at  only  a  little 
greater  expenditure  of  heat  (in  other  words,  of  fuel)  than  steam 
of  one  atmosphere  pressure.  If  the  engine  were  worked  with 
steam  of  one  atmosphere  pressure  under  the  conditions  described 
above,  each  volume  of  steam  equivalent  to  the  capacity  of  the 
cylinder,  and  weighing,  as  we  will  suppose,  one  kilogramme,  will 
do  the  work  of  raising  103.33  kilogrammes  through  a  height 
equal  to  the  length  of  the  stroke  of  the  piston.  Speaking  ap- 
proxiniatively,  the  same  weight  of  steam  of  four  atmospheres' 
tension  will  do  an  equivalent  work  during  the  first  quarter  of  tlie 
stroke  ;  for  it  will  raise  four  times  103.33  kilogrammes  thraugh 
one  fourth  of  the  previous  height.  Suppose,  now,  that  the  con- 
nection between  the  cylinder  and  the  boiler  is  closed  at  this  point, 
it  is  evident  that  the  steam  will  continue  to  exert  an  expansive 
force,  although  a  force  lessening  gradually  as  the  capacity  of  tlio 
cylinder  increases.  When  the  piston  has  been  raised  through 
one  half  of  the  stroke,  the  volume  of  the  kilogramme  of  steam 
will  have  doubled,  and  its  tension  have  been  reduced  to  two  at- 
mospheres ;  when  it  has  achieved  three  fourths  of  the  stroke,  the 
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Yolume  will  have  trebled,  and  the  tension  have  l)een  reduced  to 
li  atmospheres ;  and  even  at  the  end  of  the  stroke,  when  the  vol- 
ume has  quadrupled,  the  pressure  will  still  be  one  atniosphero. 
Here^  tlien,  U  a  very  large  gain  of  power  without  any  additional 
expenditure  of  fuel.  In  practice,  these  conditions  are  realized 
by  closing  the  valve  admitting  steam  into  the  cylinder  after  a 
certain  fraction  of  the  stroke,  by  means  of  various  forms  of  au- 
tomatic machinery,  called  cut-offs.  The  actual  theoretical  advan- 
tage gained  in  any  case  can  readily  be  calculated.  It  is  evidently 
the  greater,  the  higher  the  tension  of  the  steam  in  tlio  boiler  and 
the  sooner  it  is  cut  off  after  the  beginning  of  the  stroke  In  no 
case,  however,  is  the  total  practical  effect  as  great  as  the  theoret^ 
ical  power  given  in  the  table  on  page  631.  When  thus  worked, 
the  engine  is  said  to  be  worked  expansively. 

We  are  far  from  obtaining  with  the  steam-engine  tlie  full  me- 
chanical equivalent  of  heat,  even  when  working  under  the  nio^t 
Cuvorable  circumstances  It  will  be  remembered,  that,  according 
to  Joule's  experiments  (238),  one  unit  of  heat  is  ca|Kible  of  g(;n- 
erating  a  power  equal  to  428  kilogramme-metres,  which  is  13.4 
times  greater  than  31.59  kilogramme-metres,  the  preateht  pos- 
sible effect  winch  could  be  obtained  with  the  8team-«3ngine  when 
not  worked  expansively,  even  under  a  pressure  of  eight  atmos- 
pheres. Considering,  then,  that  we  do  not  realizr;,  even  under 
the  best  circumstances,  much  more  than  one  half  of  tliis  tlieoreti- 
cal  effect,  it  will  be  seen  that  we  actually  obtain  with  the  steam- 
engine  only  about  one  twentieth  of  the  jKiwer  whi<;h  the  fuel  is 
capable  of  yielding.  To  find  a  more  economical  nu^n.*t  tlian  this 
of  converting  heat  into  meclianical  effect,  is  one  of  the  great  prol>- 
lems  of  the  present  age. 

(811.)  Low  and  Hif^h  Pressure  Engines,  —  As  tlie  t^;n<*ion  of 
the  steam  used  in  non-condensing  engines  ^309)  is  luuifii^naTily 
greater  than  the  pressure  of  the  air,  they  arc  frequently  c:alk*d 
high-pressure  en^nes,  while  the  cmidcnsing  engines  an;  known 
as  louhpressure  engines.  Tliese  terms,  however,  do  not  correctly 
express  their  natnre,  since,  although  ttie  noii-<;/indensing  engine 
must  necessarily  be  worked  at  a  high  pressuns,  yet,  as  we  tiave 
just  seen,  a  great  advantage  is  gaim^l  by  working  the  c//nden«ing 
engine  under  a  similar  pressure  ;  and«  in  farrt.  the  «<>-<;;illed  low- 
pressure  engines  are  frequently  worked  under  as  great  a  h^^i  of 
steam  as  the  higb-piessure  engiiies* 
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PROBLEMS. 

Heat  of  Fusion. 

352.  Three  kilogrammes  of  ice  at  0°  are  mixed  with  10  kHognunmet 
of  water  at  100^.  Required  the  temperature  of  the  mixture  after  the  ioe 
is  melted. 

353.  How  much  ice  at  0^  must  be  added  to  200  kilogrammes  of  water 
at  1 6^  in  order  to  reduce  its  temperature  to  10**  ? 

354.  Solve  the  same  problem,  substituting  letters  for  the  nmnbera. 

355.  How  much  ice  at  0^  is  required  to  cool  10  kilogrammes  of  mer- 
cury from  100*^  to  0^  ? 

35G.  A  mass  of  tin  weighing  55  grammes  and  heated  to  100^  was  en- 
closed in  a  cavity  made  in  a  block  of  ice.  Required  the  amount  of  ice 
melted. 

357.  Eight  kilogrammes  of  ice  at  0^  were  mixed  with  35  kilogrammes 
of  water  at  59^  ;  afler  the  ice  had  melted,  the  temperature  of  the  water 
was  33^.3.     Required  the  heat  of  fusion  of  ice. 

358.  In  order  to  determine  the  heat  of  fusion  of  lead,  200  grammes  of 
melted  lead  at  the  melting-point  were  poured  into  1,850  grammes  of  water 
at  10^.  Af^er  the  lead  had  cooled,  the  water  was  found  to  have  acquired 
a  temperature  of  11^.64.     Required  the  heat  of  fusion  of  the  metaL 

Tension  of  Vapors, 

359.  Before  filling  a  barometer  with  mercury,  a  small  quantity  of  water 
was  poured  into  the  tube.  How  high  will  the  mercury  stand  in  the  ba- 
rometer when  the  temperature  is  20^  and  the  pressure  of  the  air  77  c.  m.? 
Solve  the  same  problem,  assuming  that  alcohol  was  used  instead  of  water. 

360.  Determine  the  height  of  the  mercury-column  in  a  barometer-tube 
whose  walls  are  moistened  with  water  at  the  temperatures  and  pressures 
indicated  below :  — 


1. 

Jf=  76.22  cm. 

t  =  20°. 

4. 

H^  77.20  cm. 

1=    80O. 

2. 

/f-  75.11     " 

t  =  40°. 

5. 

JI  ^  76.54     " 

t^    60O. 

3. 

//=  74.56     " 

t  =  IQO. 

6. 

H  -  78.10     " 

t  =  lOOO. 

361 .  Solve  the  last  problem,  assuming,  first,  that  chloroform,  and,  sec- 
ondly, that  oil  of  turpentine,  were  used  instead  of  water. 

362.  Calculate  by  [199]  the  tension  of  the  vapor  of  water  at  the 
following  temperatures  :  — 10°.24,  15^45,  40^25,  60^58,  150^.5,  and 
220°.85. 

363.  Determine  the  tension  of  the  vapors  of  alcohol,  of  ether,  and  of 
chloroform  at  the  following  temperatures,  assuming  that  the  principle  of 
page  582  is  correct:  20M2,  15^64,  10°.22,  and  5M2. 

364.  Determine  the  boiling-point  of  water  under  the  following  pres- 
sures :  74.24  c.  m.,  55.54  c  m.,  34.20  c  m.,  10.50  c  m.,  and  5  cm. 
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865.  Determine  the  boiling-points  of  alcohol  under  the  following 
pressares :  4.40  c  m. ;  168.5  c.  m. ;  725.78  c.  m. 

866.  A  cylindrical  vessel  at  the  temperature  of  120^.6  is  filled  with 
vapor  of  water  having  a  tension  of  100  c  m.  What  will  be  the  tension 
of  the  vapor  if  its  volume  is  reduced  to  one  half  by  pushing  down  the 
piston  ?     What  will  be  the  tension  of  the  vapor  if  its  volume  is  doubled  ? 

867.  A  glass  vessel  is  filled  with  dry  steam  which  at  the  temperature 
of  100^  has  a  tension  of  54.22  c  m.  To  what  temperature  must  the  ves- 
sel be  cooled  before  the  steam  begins  to  condense  ?  What  will  be  the  ten- 
sion of  the  steam,  if  the  vessel  is  heated  to  200^  ? 

868.  In  a  strong  iron  vessel,  whose  capacity  equals  5,000  c.  m.',  15.24 
grammes  of  water  are  hermetically  sealed.  Required  the  tension  of  the 
vapor  in  the  interior  of  the  vessel  at  the  following  temperatures  :  50^^ 
100^,  160°,  180^  and  250^ 

Latent  Heat  of  Vapors, 

869.  How  much  free  steam  must  be  condensed  in  order  to  raise  the 
temperature  of  20  kilogrammes  of  water  from  0**  to  90**  ?  How  much  to 
raise  the  temperature  of  246  kilogrammes  of  water  from  18^  to  28^? 

870.  How  much  vapor  of  alcohol  must  be  condensed  in  order  to  raise 
the  temperature  of  5  kilogrammes  of  alcohol  from  15^  to  30°  ? 

871.  Twenty-five  kilogrammes  of  free  steam  condensed  in  a  mass  of 
water  raised  its  temperature  from  4°  to  61°.4.  Required  the  volume  of 
the  water  before  and  afler  the  condensation. 

872.  How  many  kilogrammes  of  ice  at  0°  would  be  required  to  con- 
dense 25  kilogrammes  of  free  steam,  and  reduce  the  temperature  of  the 
water  formed  to  0°. 

873.  Calculate  the  latent  heat  of  ptoam  at  the  following  temperatures : 
25°,  82°,  112°,  175°,  198°,  and   222°. 

874.  Calculate  how  much  heat  is  required  to  convert  one  litre  of  water 
at  15°  into  steam  at  its  maximum  tension  at  130°. 

875.  How  much  heat  would  be  evolv(»d  by  the  condensation  of  one 
cobic  metre  of  steam  of  140°  at  its  maximum  tension  into  water  at  20°  ? 

Steam-Engme. 

876.  How  much  mechanical  force  is  generated  by  the  conversion  of  25 
kilogrammes  of  water  at  0^  into  steam  at  140^,  and  how  much  heat  is 
required  for  the  conversion  ? 

877.  The  piston  of  a  steam-engine  has  a  diameter  of  44  c.  m.,  and  it 
moves  1.15  rl  each  second.  Required  the  weight  which  the  machine  can 
raise  to  the  height  of  8  metres  in  one  second,  assuming  that  there  is  no 
resistance,  and  that  the  tension  of  the  steam  is  2.75  atmospheres.  Deter- 
mine, also,  the  quantity  of  heat  required  to  furnish  the  steam  em[>loyed  in 
producing  this  efiect. 
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(312.)  Formation  of  Vapor  in  an  Atmosphere  of  Gm.  —  If 
we  repeat  the  experiment  with  the  vessel  of  one  cubic  metre  ca- 
pacity described  in  (284),  with  only  this  change,  that  it  is  left 
filled  with  air,  we  shall  find  that  the  same  amount  of  aqueous 
vapor  will  be  formed  as  in  a  perfect  vacuum.  For  each  tem- 
perature there  will  be  found  to  exist  simultaneously  in  the  cubic 
metre,  first,  an  atmosphere  of  air ;  secondly,  an  atmosphere  of 
aqueous  vapor,  having  the  weight  and  tension  which  are  given 
in  the  table  on  page  571.  The  only  diiSerence  between  the  cir- 
cumstances attending  the  formation  of  vapor  in  air  or  any  other 
gas,  and  in  a  vacuum,  is  in  the  time  required.  The  cubic  vessel, 
when  freed  from  air,  would  be  almost  instantaneously  filled  with 
vapor  of  the  given  tension  and  weight ;  but  in  the  same  vessel 
filled  with  air,  the  vapor  would  attain  its  maximum  tension  and 
density  only  after  several  minutes. 

The  tension  of  the  mixture  of  aqueous  vapor  and  air  is  always 
equal  to  the  sum  of  the  tensions  which  each  would  have  if  it 
filled  the  vessel  separately.  This  tension  can  then  be  found  for 
any  temperature  by  adding  to  the  tension  of  the  air,  as  indicated 
by  a  barometer,  the  tension  of  aqueous  vapor  taken  from  the 
table  of  maximum  tensions  opposite  to  the  given  temperature. 
Thus,  if  the  temperature  were  20**,  and  the  barometer  indicated 
a  tension  of  70  c.  m.,  the  tension  of  the  mixture  of  air  and 
vapor  would  be  equal  to  76  +  1.739  =  77.739,  and  a  barometer 
immersed  in  the  vessel  would  stand  at  that  height. 

If  now  we  suppose  the  vessel  to  be  extensible,  and  exposed  on 
the  outside  to  an  invariable  pressure  of  7Gc.  m.,  it  is  evident 
that  it  will  be  expanded  until  the  tension  of  the  confined  mixture 
is  reduced  to  the  same  value  ;  and  it  is  frequently  a  problem 
of  great  ])ractical  importance  to  determine  what  the  increased 
volume  will  be.  In  the  first  place,  it  is  evident  that,  as  the  vol- 
ume of  the  vessel  increases,  more  water  will  evaporate,  so  as 
to  keep  the  vapor  at  the  maximum  tension  for  the  temperature. 
Hence,  in  the  expanded  state,  the  tension  of  the  vapor  will  still 
be  1.739  c.  m.  It  is,  therefore,  only  the  air  which  expands,  and 
as  the  tension  of  the  mixture  in  its  expanded  state  is  equal  by 
assumption  to  70  c.  m.,  it  is  evident  that  the  tension  of  the  air 
will  be  equal  to  76  —  1.739  =  74.261  c.  m.     Moreover,  since  tlio 
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volumo  of  the  air  (which  is,  of  course,  also  the  Tolume  of  the 
mixture)  must  be  inversely  as  its  tension  in  the  two  conditions, 
we  have,  by  [200], 

1 :  F'  =  74.261 :  76,        whence        V  «=  1.023  ii» 

This  solution  may  easily  be  made  general.  Let  ^  represent 
the  invariable  pressure  to  which  the  gas  is  exposed,  and  fjo  the 
tension  of  water  vapor  at  the  given  temperature.  Then,  in  the 
expanded  state,  the  tension  of  the  air  is  H^  —  fjo.  We  have, 
by  substituting  these  values  in  [200],  F:  F'  =  ^  —  ft  :  fl^; 
whence 

(1.)  r=.r  ^^ ,     and  (2.)  F=  F'  ^-^^     [203.] 

By  means  of  (1)  we  can  always  calculate  the  increased  volume, 
Vj  of  a  gas  wlien  saturated  with  moisture,  if  the  volume  of  the 
dry  gas  is  known ;  and  by  means  of  (2)  we  can  calculate  from  the 
measured  volume  of  the  moist  gas  the  volume,  F,  which  it  would 
have  measured  had  the  gas  been  perfectly  dry.  The  last  problem 
is  one  of  great  importance,  and  generally  presents  itself  in  a  form 
like  that  of  the  following  example. 

A  volimie  of  gas  confined  in  a  bell-glass  over  water  measures 
250  c7m.*  when  the  temperature  is  20**  and  the  barometer  76  c.  m. 
What  would  be  the  volume  if  the  gas  were  perfectly  dry  ?  By 
substituting  the  data  given  in  (203.  2)  we  obtain, 

F=  250  ^^"^g—  =  244,25  cTm.'.  [204.] 

The  formula  just  employed  gives  in  any  case  the  volume  of  dry 

gas  for  the  temperature  and  pressure  at  which  the  volume  of  the 

moist  gas  was  observed;  only  it  is  necessary  to  remember,  in 

using  the  formula,  that  H^  represents  the  pressure  to  which  the 

mixture  of  gas  and  vapor  was  exposed  at  the  time  the  volume 

was  measured.    This  can  always  be  ascertained  by  the  method 

described  in  (169).    When  the  volume  of  dry  gas  has  been  in 

this  way  determined  for  any  given  temperature  and  pressure, 

it  can  easily  be  reduced  to  0"  and  76  c.  m.  by  means  of  [98] 

and  [184]. 

What  has  been  illustrated  above  in  the  case  of  the  vapor  of 
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water,  is  also  true  of  the  vapors  of  other  liquids.  The  same  quan- 
tity of  liquid  will  evaporate  into  a  cubic  metre,  and  a  vapor  will 
be  formed  of  the  same  tension  and  density,  whether  the  space  be 
empty  or  filled  with  gas ;  the  only  difference  being  that  the  liquid 
will  evaporate  very  much  more  slowly  in  the  last  case  than  in  the 
first.  What  is  true  of  one  liquid  must  also  be  true  of  any  num- 
ber of  liquids  ;  provided  only  that  these  do  not  act  chemically  on 
each  other,  each  of  them  will  evaporate  and  form  a  vapor  of  the 
same  tension  and  density  as  if  the  space  were  a  perfect  vacuum. 
At  least  this  is  true  theoretically,  and  it  would  probably  be  true 
practically  could  we  enclose  the  vapor  within  walls  formed  by  the 
volatile  liquids  themselves.  But  in  the  glass  vessels  with  which 
we  are  obliged  to  experiment,  the  result,  as  above  stated,  is  not 
perfectly  realized.  This  is  apparently  owing  to  an  adhesive  action 
of  the  glass,  by  which  the  tension  of  the  vapor  is  reduced  below 
the  maximum  tension  for  the  temperature.  This  subject  has 
been  carefully  examined  by  Regnault,  and  we  would  refer  to 
his  memoir*  for  further  details. 

The  principles  of  this  section  may  be  summed  up  in  the  two 
following  propositions,  first  enunciated  by  Dal  ton,  and  therefore 
known  as  the  Law  of  Dalton.  The  last  proposition,  however,  is 
only  a  necessary  consequence  of  the  first. 

1.  The  tension  and  the  amount  of  the  vapor  which  will  satu- 
rate a  given  space  at  a  given  temperature  are  the  same^  whether 
the  space  be  completely  empty  or  filled  with  gas, 

2.  The  elastic  force  of  a  mixture  of  gas  and  vapar  is  equal  to 
the  sum  of  the  tensions  which  each  would  have  separately. 

This  law  may  be  illustrated  by  means  of  the  apparatus  repre- 
sented in  Fig.  445.  It  consists  of  a  glass  tube.  A,  closed  at  lx)lh 
ends  by  the  iron  stopcocks  b  and  d.  The  lower  stopcock  is  pro- 
vided with  a  side  tubulature,  into  which  the  tube  B  is  cemented, 
and  a  graduated  scale  placed  between  the  tubes  serves  to  meas- 
ure the  relative  heights  of  the  columns  of  mercury  they  con- 
tain. In  using  this  apparatus,  the  tube  A  is,  in  the  first  place, 
about  lialf  filled  with  dry  air,  or  any  other  gas  from  the  globe  My 
which  can  be  screwed  on  to  the  stopcock  b  in  place  of  the  tunnel 
C.  The  tunnel  C  is  provided  with  a  stopcock  of  a  peculiar 
construction.     The  plug  of  the  cock,  represented  at  n,  is  not 


*  Comptes  Bcndos,  Tom.  XXXJX,  p.  345. 
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pierced,  a*  tisual,  completely  through,  but  has  simply  a  staoll 
cavity  on  one  eiiie.  HaWug  now  adjusted  the  quantity  of  mer- 
cury in  the  apparatus  so  tlint  it  shall 
stand  at  the  same  heigiit  in  tioth  tubes, 
and  having  poured  a  quantity  of  liquid 
into  the  tunnel,  wo  open  the  cock  b 
and  turn  the  plug  of  tlie  cock  a  so 
that  the  liquid  may  be  introduced 
drop  by  drop  into  the  tube  -4.  The 
confined  gas  beeomea  thus  saturated 
with  vapor,  and,  expanding,  depress- 
es the  mercury-column.  We  then 
restore  the  original  volume  by  pour- 

^^pg  mercury  into  the  tube  B.      The 

^Buision   of    the   mixture  of  gas   and 

^H|q)or  is  now  evidently  equal  to  the 

^^k«ssure  of  the  air  plus  the  pressure 
of  tlie  morcury-coluran  B  o,  thus  prov- 
ing that  the  tension  of  the  confined 
gu8  hiiB  been  increased  by  the  tension 
of  tlio  vapor.  By  referring  to  the 
tables,  it  will  be  found  that  the  in- 
crease of  tension  is  exactly  equal  to 
the  maximum  tension  of  the  Banio 
vapor  in  a  vacuum,  when  exposed  to  nt-u!. 

^^La  same  temi>erature. 

^^k(313.)  HtjgTomeleTs.  —  Every  cubic  metro  of  the  atmoRphpro 

^H^  immediate  contact  witli  the  earth  in,  in  all  rcspocto,  aimilarly 

^^Btuated  towards  the  ponds  and  riven*  of  the  ^oha  ft»  is  thu  air 
of  tlie  cubic  vessel  towards  tlio  water  it  contuina.  Every  cubic 
metro  of  the  atmosphere  is  capable  of  holding,  for  nny  l4nn|)cra- 
turc,  the  same  amount  of  aquoou*  vn[irjr,  am)  vapor  of  tho  name 
tension,  as  the  vessel ;  moreover,  wat/jr  will  continue  to  evaj)oroto 
iuto  the  atmosphere  until  the  vapor  haN  ncqiiin^d  the  tenvion 
1  specific  gravity  which  corro.«pfjnd  to  the  teiiii)oruturu.  Thcns 
I,  tliercfore,  around  the  ghj>ie,  a«  in  tho  cubic  teMKel,  two  ut- 
iphercs,  one  of  air  and  tho  other  of  rapor.  When  the  air 
I  taken  up  all  thu  vapor  which  it  ii  ca|riiliIo  of  holding  at 
I  temperature,  it  iit  Mid  to  lio  HUlurBl^Ml  or  inoiMt ;  whon  lew, 
s  said  to  bo  dry.     In  tho  hut  caw,  it  la  on[iftblii  of  ulworUjig 
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more  water,  &nd  of  course  dries  up  the  moistiire  iiom  idb- 
stances  with  which  it  may  be  in  contact.  Thus,  if  the  tempe^ 
aturo  is  20'',  the  air  is  saturated  with  vapor  when  it  ooa- 
tains  in  every  cubic  metre  17.157  grammes  (see  table  on  page 
571)  ;  if  it  contained  only  12.746  grammes  it  would  be  diy, 
since  then  every  cubic  metre  of  air  could  absorb  4.411  grammes 
more.  But  if  the  temperature  falls  to  15^,  then  by  the  taUe 
12.746  granunes  will  completely  saturate  each  cubic  metro ;  so 
that  a  cubic  metre  of  air  containing  12.746  granunos  of  vapor 
is  saturated  when  the  temperature  is  15^,  although  dry  when 
it  is  20^ 

The  moisture  of  the  atmosphere  at  any  temperature  depends, 
then,  not  simply  on  the  amount  of  vapor  which  it  contains,  but 
on  the  proportion  which  this  amount  boars  to  the  whole  quantity 
which  it  could  possibly  contain  at  the  given  temperature.  The 
fraction  which  is  obtained  by  dividing  the  actual  weight  of  vapor 
in  a  cubic  metre  of  the  atmosphere  by  the  weight  which  it  would 
contain  were  it  completely  saturated  with  aqueous  vapor,  is  called 
tlie  relative  humidity.  It  follows  from  Mariotte's  law,  that  the 
weights  of  two  masses  of  vapor  occupying  equal  volumes  are  to 
each  other  as  their  tensions,  W:  1^'=  i5»  •  Wt\  hence  the  rela- 
tive humidity  may  also  be  obtained  by  dividing  the  tension  of  the 
vapor  actually  contained  in  the  air  by  the  tension  the  vapor  would 
have  if  the  atmosphere  were  saturated,  that  is,  by  the  maximum 
tension  for  the  temperature,  as  given  in  Table  X.  In  order  to 
find,  then,  the  relative  humidity  of  the  atmosphere  at  any  given 
time,  we  in  the  first  place  observe  its  temperature ;  and  in  the 
second  place,  we  ascertain  by  experiment  the  tension  of  the  vapor 
which  it  actually  contains.  The  tension  is  found  in  the  following 
manner. 

If  we  cool  down  a  cubic  metre  of  the  atmosphere,  we  shall 
come,  sooner  or  later,  to  a  temperature  at  which  the  tension  of 
the  vapor  is  at  its  maximum.  Thus,  for  example,  if  the  temper- 
ature of  the  atmosphere  is  20**,  and  the  tension  of  the  va|)or  it 
contains,  and  which  we  wish  to  find,  is  1.2699  c.  m.,  we  shall,  by 
cooling  one  cubic  metre  to  15**,  reach  a  temperature  at  which 
1.2699  c.  m.  is  the  maximum  tension,  and  consequently  a  tem- 
perature at  which  the  air  will  be  saturated  by  the  vapor  contained 
in  it.  If  now  we  cool  it  below  this  point,  a  portion  of  the  vapor 
will  be  deposited  in  the  form  of  mist  or  dew.    The  temperature. 
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then,  at  which  icv  would  lio  deposited,  were  the  atmosphero 
cuohid  down,  is  tho  temperature  at  wliicli  tlio  tension  of  tlio  vapor 
Kfiilained  in  it  would  be  at  its  maximiira.      This  tcmpcraluro 
ft  toclinieiilly  termed  the  dew-point.     It  can  easily  be  observed  in 
I  roUowing  way.     Take  &  brightly  polished  silver  cup  and  fJi 
llrith  water.     Place   in  it  a  sensitive  themiotneter,  which  will 
dicate   promptly  any  ehangca  of  temperature,  and  then  add 
I  in  small  pieces,  waiting  until  one  piece  is  melted  before  add- 
f  another,  and  constantly  stirring  tho  water  with  tho  Ihermom'- 
in   order  to  render   tlie  temperature  uniform  throughout 
I  mass.     Tho  silver  cup,  as  it  is  thus  slowly  cooled,  will  cool 
L  its  turn  the  thin  layer  of  air  which  immediately  surrounds  it, 
1  sooner  or  later  this  air  will  bo  reduced  to  the  temperature  at 
bich  the  vapor  it  contains  completely  saturates  it.     At  that  mo- 
fent  the  polished  surface  of  the  cup  will  1)6  dimmed  by  a  depo- 
Bon  of  dew.     Note  carefully  the  temperature  at  which  this  first 
Ices  place  ;  and  then  allow  the  cup  to  warm,  and  note  carefully 
'j  tcmjterattiro  at  which  the  dimness  disappears.     The  two  tem- 
ratures  should  very  nearly  correspond,  and  the  mean  may  be 
Seen  as  tlie  dew-point.    Having  found  the  dew-point,  we  can  easily 
certain  tho  relative  humidity  of  the  air  by  means  of  the  tal>Ie 
of  tensions.     Opposite  to  the  dew-point  we  find  the  actual  tension 
of  the  vapor  in  tbo  atmosphere.     Opposite  lo  the  tenijwrature  of 
I  fdr  at  the  time  of  tbe  experiment,  we  find  tho  maximum 
.  which  the  vapor  could   attain ;  and  since,  as  we  have 
in,  tlie  weight  of  vapor  is  proportional  to  the  tension,  we  can 
tin  at  once  the  relative  humidity  by  dividing  the  first  by  the 
To  illustrate  this  by  an  example :  — 
I.Thc  temperature  of  tlic  air  is  20°.     The  dew-point,  found  as 
t  dcscri))cd,  is  15°.     What  is  the   relative  humidity?     The 
hXimum  tension  of  vapor  at  tlie  dew-point  is  12.699  m,  m.,  and 
I  is  Uie  actual  tension  of  the  vapor  in  the  atmosphere.    The 
iximum  teneioti  of  va|)or  at  20°  is  17.391  m.m.,  and  this  is  the 
a  which  the  vapor  would  have  were  the  atmosphere  salu- 
ted.    }l^  =  .73   is,  then,   the    relative  humidity.      The  al- 
Mphere,  therefore,  contains  73  per  cent  of  tho  whole  amount 
I  could  possibly  contain  at  20°.     From  the  relative  humidity,  it 
I  easy  to  calculate  the  amount  of  vapor  contained  in  a  cubic 
By  referring  to  the  table,  we  ascertain  the  total  amount 
bich  the  cubic  metre  could  contain  at  the  given  temperature  ; 
54  • 


642 


CHEHICAL  PHT8IC8. 


and  by  multiplying  this  by  the  firaction  expnwsing  the  rel&tivB 
humidity,  we  ascertain  the  amount  'which  it  actually  contunt, 
Thns,  in  the  example  juBt  given,  the  total  amount  of  vapor  which 
one  cubic  metre  of  air  at  20°  can  contain  is  17.157  grammet. 
It  actually  contains  only  78  per  cent  of  this  amount,  that  is, 
17.167  X  .73  =  12.525  grammes. 

It  appears,  then,  that  the  determination  of  the  amount  of  vapor 
in  the  atmosphere  resolves  itself  practically  into  the  observatkn 


of  tne  dew-point.  This  can  be  observed  with  sufficient  accuracy, 
for  most  purposes,  witli  a  thin  silver  cup  and  thermometer,  as 
descrilmd  above  ;  but  where  greater  accuracy  is  required,  the  ob- 
pcrvatioiia  can  be  made  more  rapidly,  as  well  as  with  greater  cer- 
tainty, with  tlie  hygrometer  of  Rcgnault,  which  is  represented  in 
Fig,  446.  It  consists  of  two  silver  thimbles  4,5  c.  m,  high  and 
20  m.  m.  in  diameter,  made  very  thin,  and  brightly  polished  on 
the  outside.  Tliesc  thimbles  are  cemented  to  the  bottom  of  two 
glass  tubes  i),  E,  Eacli  of  these  contain  thermometers  gradu- 
ated to  tenths  of  a  degree,  kept  in  place  by  corks.  Through  the 
cork  of  the  tube  J)  passes  a  small  tube.  A,  open  at  both  ends 
and  extending  to  the  bottom  of  ttie  sUver  thimble.    The  upper 
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port  nf  the  tnbo  D  conunuuicates,  throngh  the  lateral  tubukturo 
uid  {lirougli  llic  stem  of  the  supix>rt,  with  an  aspirator,  6',  by 
niesi)>  of  wliicli  air  can  be  drawn  throu){h  the  apparatus.  The 
tiibo  E,  which  do(!a  not  commiiDicate  with  the  aspirator,  contains 
a  tbcntiomctcr  for  obsening  the  tcniporatiire  of  the  air. 

lu  ortlcr  to  use  the  ajiparatiis,  the  tube  D  is  half  filled  with 
other ;  then,  on  opcuiug  tho  stopcock  of  the  aspimtor,  the  water 
which  il  contuius  fiows  out,  and  the  lur  required  to  supply  its 
I>lftce  flows  in  at  the  tube  A,  bubbling  up  IJirough  the  ether. 
The  rapid  evaporation  caused  by  this  cuiToiit  of  air  soon  cools 
tho  temperature  of  the  silver  thimble  to  the  dew-point.  At  the 
moment  a  film  of  moisture  appears  on  tho  polishiid  surface,  the 
I'  iiiperature  indicated  by  the  thermometer  T  is  carefully  noted, 
n  well  also  as  the  temperature  of  the  air  given  by  the  thermom- 
titer  I,  and  we  have  then  the  elements  for  calenlating  tho  rela- 
tive hniuidity  of  the  atmosphere.  By  careful  manipulation,  the 
dew-point  can  be  obser^'cd  with  this  instrument  to  one  t«nth  of 
a  Centigrade  degree.  Tiie  secoud  silver  thimble,  on  tho  tulw 
E,  serves  not  only  to  protect  tlic  bulb  of  the  tiiermomet«r,  but 
also,  by  comparison,  enables  the  observer  to  detect  a  slight  trace 
of  moisture  on  the  surikce  of  the  first,  which  might  otherwise  be 
overlixiked. 

Tho  hygrometer  of  Daniolls,  repro- 
Bentcd  in  Fig.  447,  is  based  on  tlio 
same  principle  as  that  of  Begnault, 
but  is  much  less  delicate  in  its  indica- 
tion. It  consists  of  two  bulbs  con- 
nected Viy  a  siphon-tube,  from  which 
tho  air  has  been  expelled  by  hermeti- 
cally scaling  the  instrument  when 
filled  with  ether  vapor.  The  bulb 
A  ia  about  half  filled  with  ether, 
and  contains  the  bulb  of  a  small 
thermometer.  Moreover,  a  zone  of 
the  bnlb  is  ^It,  and  burnished  so  that 
the  deposition  of  the  dew  upon  it  may 
be  easily  perceived.  The  other  bulb 
U  covered  with  muslin.     When  an  ob- 

rvation  is  to  bo  made,  the  muslin  is  moistened  with  ether,  whicn 
[dropped  very  slowly  from  a  bottle.    Tho  evaporation  of  the 
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ether  from  the  muslin,  by  cooling  the  bulb  B  and  condenfing  the 
vapor  of  ether  which  it  contains,  causes  a  very  rapid  evaporation 
from  the  surface  of  tlie  liquid  in  the  bulb  A.  By  this  means  tbe 
gilt  zone  is  soon  cooled  to  the  dew-point,  a  deposition  of  dew  indi- 
cating when  the  point  is  reached.  The  temperature  at  which  the 
dew  is  first  deposited  is  carefully  observed  by  means  of  tbe  en- 
closed thermometer,  and  also  the  temperature  at  which  it  disap- 
pears when  the  temperature  of  the  bulb  A  is  afterwards  allowed 
to  rise.  The  two  observations  should  not  differ  much  from  each 
other,  and  their  mean  is  the  dew-point.  * 

The  relative  humidity  of  the  air  may  also  be  estimated,  though 
with  less  accuracy,  from  the  rapidity  with  which  water  evaporates 
when  exposed  to  it ;  since,  as  is  evident,  the  drier  the  air,  the 
more  rapid  will  be  the  evaporation.  The  instrument  used  for 
this  purpose  is  called  a  psj/chrometerj  or  a  wetrbulb  hygrometer. 
It  consists  of  two  thermometers,  the  bulb  of  one  of  which  is  coy- 
ered  with  muslin  and  kept  constantly  moist,  while  the  bulb  of  tbe 
other  is  dry.  The  last  indicates  the  temperature  of  the  air;  but 
the  first  always  indicates  a  lower  temperature,  owing  to  the  latent 
heat  absorbed  by  the  evaporation  of  the  water  from  the  surface  of 
the  bulb,  except  when  the  air  is  fully  saturated  with  moisture. 
The  difference  between  the  two  thermometers  will  be  the  greater 
the  more  rapid  the  evaporation,  that  is,  the  greater  the  dryness 
of  the  air.  From  the  temperatures  of  the  two  thermometers  we 
can  calculate  the  tension  of  the  vapor  in  the  atmosphere  by  means 
of  the  empirical  formula. 

More  than  -^^  Lets  than  y^, 

0.429  (r-xOrr         ._      ^  _  ^  _  ^'i^O  (r-O^  . 

^  — ^ gToz:;^  ^'    or    ^  — fl—    620—1'    ^' 

^  =  maximum  tension  of  vapor  at  lowest  temperature. 
T    =  temperature  of  dry-bulb  thermometer. 
i'  =  temperature  of  wet-bulb  thermometer. 
Hq  =  height  of  barometer. 
610  —  t'  =  latent  heat  of  the  vapor  of  wat«r  (compare  300). 
X    =  tension  of  aqueous  vapor  at  the  time  of  observation. 

From  the  value  of  x  the  relative  humidity  can  be  easily  calculated 
by  dividing  by  the  maximum  tension,  as  before  described. 

The  above  are  the  formulae  of  Regnault  as  modified  from  tlie 
original  formula  of  August.    They  are  in  a  measure  empirical, 
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and  founded  on  theoretical  considerations,  for  vhicb  we  mast 
l^»^r  to  liie  original  memoir.     The  last  formula,  as   Regiiault 
^^bnd,  ^res  accurate  results  wlien  itie  air  is  not  more  than  four 
^^Ktl]B  saturated.     Otherwise,  the  ftr^t  should  be  used.     For  tom- 
P^Katurcs  hclow  freezing,  which  suppose  the  wet  bulb  to  be  cov- 
■■  ered  with  a  film  of  ice,  the  value  610  —  t'  must  be  changed  to 
610  +  79  —  T  ^  689  —  T',  since  the  amount  of  heal  required  to 
change  ice  into  vapor  is  greater  by  79  units  (the  heat  of  fusion) 
Mian  that  which  would  he  recjuired  to  change  water  Into  vapor 
"i*  the  same  temperature  and  tension.     For  the  value  of  ^,  it  is 
^'i_-nerally  sufBcient  to  lake  the  mean  barometric  pressure  of  the 
place  of  observation.     In  the  Meteorological  Tables  prepared  by 
I'rofesHor  Arnold  Ouyot,  and  published  by  tlie  Smithsonian  Insti- 
tution, will  lic  found  tables  by  which,  from  the  indications  of  the 
psych ro meter,  the  tension  of  vajwr  and  relative  humidity  may  be 
ascertained  by  inspection.    As  the  indications  of  the  psycbrometer 
are  discovered  by  simple  im^[>ection,  it  would  entirely  supersede 
all  other  hygrometers  wero  the  formula  by  which  tlie  tension  of 
vapor  is  deduced  from  the  observed  data  perfectly  trustwortliy. 
They  arc  sufficiently  so  for  the  purposes  of  mcijjorology,  but 
results  obtained  with  Regnaull's  hygrometer  are  in  all  cases  to 
be  preferred. 

Still  a  third  class  of  hygrometers  is  based 
upon  tlic  fact  that  many  solids  swell  on  imbibing 
moisture,  and  contract  again  on  drying.  This  is 
the  case  with  most  dry  organic  substances,  such 
OS  whalebone,  wood,  parchment,  and  hair.  The 
hygrometer  of  Deluc  consists  of  a  very  thin  piece 
of  whalebone,  which,  in  expanding  and  contract- 
ing, moves  an  index ;  and  a  variety  of  toys,  in 
which  a  change  in  the  degree  of  humidity  of  the 
air  is  shown  by  the  motion  of  a  pasteboard  figure, 
are  made  on  the  same  principle.  But  the  only 
trustworthy  or  even  approximativoly  accui'ate 
hygrometer  of  this  class  is  the  hair  hygrometer 
.Saussuro,  as  modified  by  Regnault.  It  is  rep- 
resented in  Fig.  448,  and  consists  essentially  of  a 
human  hair,  c,  previously  freed  from  fat  by  being 
ioaked  in  ether,  and  so  fixed  in  a  copper  frame  that  its  expansion 
,  .(ad  contraction  will  move  a  needle  over  a  graduated  arc.     Each 
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instrument  is  graduated  experimentally  bf  placing  it  in  a  eofr 
fined  space  kept  in  a  known  state  of  humidity  by  the  presenoe 
of  sulphuric  acid  of  difiTerent  degrees  of  strength.  Unlike  the 
other  hygrometers,  this  instrument  ^ves  at  once  the  relative 
humidity  of  the  air,  and  its  indications  are  independent  of  the 
temperature.  Unfortunately,  however,  it  is  liable  to  variatione, 
and  must  be  adjusted  from  time  to  time  by  means  of  the  solih 
tions  employed  in  graduating  it. 

The  last,  but  the  most  accurate,  method  of  determining  the 
amount  of  vapor  in  the  air,  consists  in  drawing  through  a  tube 
containing  chloride  of  calcium,  or  some  other  powerful  absori)- 
ent,  a  measured  volume  of  air,  by  means  of  an  aspirator.  The 
increased  weight  of  the  tube  will  give  at  once  the  weight  of  v^ior 
contained  in  the  known  volume  of  air.  This  process  is  much 
too  complicated,  however,  to  admit  of  general  application ;  but 
it  may  be  used  to  advantage  where  great  accuracy  is  required,  or 
in  verifying  the  results  of  tlie  other  more  expeditious  methods.* 
(814.)  Drying  Apparains.  —  It  is  frequently  necessary  in  (he 
practice  of  chemistry  to  remove  from  a  solid  body  the  moistoie 
adhering  to  its  surface,  or  Otherwise  mechanically  united  with  it 
This  is,  generally,  readily  accomplished  by  exposing  the  solid  to 
dry  air,  into  which  the  moisture  evaporates.  If  the  solid  will 
bear  the  temperature  of  100®  without  undergoing  change,  we  can 

use  the  drying  oven  already  described  (294) ; 

Q  but  if  not,  we  effect  the  same  object  at  the 

v^"^""''^         ordinary  temperature  by  placing  the  solid  un- 

f  nW        ^^^  ^  bell-glass,  over  a  dish  containing  concen- 

1,  IjlU        trated  sulphuric  acid.     In  this  case  the  rapid- 

f  Lr^*^2iJffl       ^^y  ^  ^^^  evaporation  is  greatly  accelerated 

^^^^^fhl     ^^  exhausting  the  air.     The  arrangement  rcp- 

'S^S^mS^     resented  in  Fig.   449  may  be  used  for  this 

Th^  purpose,  and  also  for  concentrating  solutions 

^  of  chemical  compounds  which  would  he  altered 

ng.44».  by  a  high  temperature.      In  drying  goods  on 

a  large  scale  in  the  arts,  it  is  important 
to  keep  in  mind  two  facts  :  first,  that  the  capacity  of  air  for 
holding  moisture  increases  very  rapidly  with  the  temperature; 
and,  secondly,  that  a  very  considerable  time  must  elapse  before 

*  For  a  fall  accoant  of  the  methods  of  hjg^rometnr  m  rerUed  hj  Regnaolt,  Me  hii 
"  Etudes  Bur  rHjgrometrie/'  Annales  de  Chimie  et  de  Physiqoe,  3«  Stfrie,  Tom.  XV. 
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is  saturated,  —  the  longer,  the  lower  the  temperaluro. 
1  advantage  is  therefore  gained  by  keeping  the  air  in  the  drying 
chamlmr  at  as  high  a  temperatnre  as  is  eoinpatihlo  willi  the  cir- 
cum^tuncea,  and  preventing  it  from  escaping  nntil  it  is  abHuUitely 

furated  with  hnmidtty.  In  no  case,  however,  can  water  be 
tporated  by  heated  air  in  a  drying  stove  oa  economically  as 
R  close  boiler. 
{315.)  Swirces  of  Heat.  — The  sun's  rays  are  the  great  source 
of  heat  on  the  surface  of  the  globe.  The  amount  of  Iwat  which 
thus  enters  the  earth's  atmosphere  from  the  snn  during  a  year 
has  l>cen  estimated  by  Fouillet  to  be  ecjual  on  an  a\'crage  to 
231,676  units  for  every  sqnaro  centimetre  of  the  earth's  surface. 
In  order  to  give  an  idea  of  this  Cjuantity,  Fouillet  states  that  it 
would  be  sufficient  to  melt  a  layer  of  ice  enveloping  tlio  curtli 
SO. 81*  metres  thick.  Of  this  amount,  however,  the  surface  of  the 
earlh  only  receives  about  two  thirds,  tlio  rest  being  alieorbed  by 
the  atmosphere.  Besides  the  heat  which  it  is  constantly  receiv- 
ing from  the  sun,  the  earth  has  also  a  groat  store  of  heat  within 
its  own  moss,  called  the  central  heat.  It  has  already  Ijeen  stated, 
that  the  spheroidal  figure  of  the  earth  is  probably  owing  to  the 
fact,  that  the  globe  was  once  a  fluid  mass  ;  and  we  have  reason 
to  Itclieve  that  it  is  so  now,  with  the  exception  of  a  comparatively 
crust  on  the  surface.  From  observations  made  in  mines 
Artesian  wells,  we  find  that  the  temperature  of  the  crust 

(idly  increases  as  we  descend  from  the  surface  of  the  earth. 

le  rate  of  increase  varies  in  different  places,  but  may  lie  stated, 
ou  an  average,  to  be  about  one  degree  for  every  30  or  40  metres. 
At  this  rate  of  increase,  assumed  to  be  the  same  at  all  deptlis, 
ihe  temperature  of  the  crust  at  the  depth  of  about  2,700  metres 
must  l)e  that  of  boiling  water,  and  at  a  depth  of  35  kilomctrCB 
that  of  melting  iron,  while  at  70  kilometres  all  known  mineral 
KUbstanees  would  be  in  complete  fusion.  It  is  probable,  there- 
fore, that  the  thickness  of  the  crust  of  the  earth  is  not  greater 
than  rli  of  its  radius,  and  might  bo  represented  by  a  sheet  of 
pasteboard  on  a  large  artificial  plobe.  Nevenheless,  the  conduct- 
ing power  of  the  crust  is  so  slight,  that  the  effect  of  the  central 
beat  is  hardly  felt  on  the  surface ;  and  Fourier  baa  calculated 
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that  it  does  not  elevate  the  mean  temperature  of  the  8ur&iM 
more  than  ^  of  a  degree. 

Besides  these  constant  sources  of  heat,  there  are  many  others 
which  are  more  or  less  accidental  and  intermittent.  In  general, 
any  motion  of  the  molecules  of  a  body,  whether  it  accompanies 
a  chemical  or  a  physical  change,  is  attended  either  by  an  evolu- 
tion or  by  an  absorption  of  heat ;  but  in  almost  every  case  the 
heat  thus  evolved  may  be  traced  back,  either  directly  or  indi> 
rectly,  to  the  sun.  The  accidental  sources  of  heat  may  be  di> 
vided  into  two  classes,  the  physical  and  the  chemical. 

(316.)  Physical  Sources.  —  Of  the  physical  sources  of  heat, 
the  most  important  is  friction.  Count  Bumford  succeeded  in 
boiling  water  by  the  friction  from  boring  a  cannon,  and  an  appa- 
ratus has  been  invented  in  France  for  generating  steam  by  means 
of  heat  produced  in  a  similar  way.  It  has  already  been  shown 
(238)  that  there  is  an  exact  equivalence  between  the  heat  gener- 
ated by  friction  and  the  mechanical  power  used  in  producing 
it ;  and  it  is  possible  that,  where  motive  power  is  abundant  and 
fuel  expensive,  such  a  machine  might  be  used  to  advantage. 

Another  physical  source  of  heat  is  percussion,  as  is  illustrated 
by  the  common  fiintrlock,  and  by  a  number  of  familiar  &ct8. 
For  example,  a  small  bar  of  iron  may  be  heated  to  redness  on  an 
anvil  by  blows  of  the  hammer  actively  applied,  and  a  bar  of  lead 
may  even  be  melted  in  this  way.  In  like  manner  all  metals, 
when  rolled  out  into  plates,  drawn  into  wire,  or  submitted  to  auy 
other  mechanical  process  by  which  the  relative  position  of  their 
molecules  is  changed,  become  more  or  less  heated.  The  heat 
evolved  in  all  these  cases  appears  to  be  due  to  an  iuternal  friction 
between  the  particles  of  the  solid,  so  that  this  source  of  heat  does 
not  differ  essentially  from  the  last. 

A  third  source  of  heat  is  mechanical  condensation.  If  we 
diminish  the  volume  of  a  body  by  mechanical  means,  its  tempera- 
ture is  at  once  raised,  and  an  amount  of  heat  is  evolved  which  is 
probably  in  all  cases  equal  to  that  which  would  be  required  to  ex- 
pand the  body  by  an  equivalent  amount  (compare  237).  Since 
both  solids  and  liquids  are  but  slightly  compressible,  we  caimot 
produce  with  them  any  very  marked  calorific  effects  by  condensa- 
tion. It  is  different  with  gases.  They  are  very  compressible,  and 
their  temperature  can  be  greatly  raised  by  sudden  condensation. 
This  is  illustrated  by  ihQ  fire-syrir^e  (Fig.  450).     It  consists  of  a 
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cylinder  of  glass,  and  of  a  piston,  which  closes  it  hcrmeticallj 
and  by  which  Uie  air  it  contains  may  be  condensed.  On  pushing 
in  Uie  piston  with  a  quick  and  forcible 
motion,  the  heat  eyoWed  by  the  condensa- 
tion of  the  air  raises  the  temperature  suffi- 
ciently to  inflame  a  piece  of  tinder,  which 
is  placed  in  a  cavity  provided  for  the  pur- 
pose on  the  under  side  of  the  piston.  This 
requires  a  temperature  of  at  least  800"*. 
A  bright  light  is  noticed  in  the  cylinder 
at  tiie  moment  of  the  maximum  condensa- 
tion, caused  by  the  burning  of  a  portion 
of  the  oil  with  which  the  piston  is  lubri- 
cated.  . 

The  only  other  mechanical  sources  of 
heat  usually  enumerated  in  this  connec- 
tion are  the  absorption  of  gases  or  liquids 
by  porous  solids,  the  change  of  the  state 
of  aggregation  of  a  substance,  and  elec- 
tricity. The  first  of  these  is  probably 
identical  with  the  one  last  considered, 
the  heat  in  every  case  originating  from 
condensation  caused  by  the  adhesion  of 
the  liquid  or  gas  to  the  surface  of  the  solid ;  the  second  has 
already  (277  and  299)  been  studied  at  length,  and  the  last  will 
be  considered  in  another  portion  of  the  work. 

(317.)  Chemical  Sources.  —  All  chemical  combination  Ih  at- 
tended with  the  evolution  of  heut ;  indeed,  this  is  the  cliiftf  Miurco 
of  artificial  heat  on  the  surface  of  the  glol>e.  When  tlio  coinlnniw 
tion  takes  place  slowly,  as  when  iron  ruhts  in  the  uir,  tht*.  Iittut  in 
dissipated  as  fast  as  it  is  evolv(;d,  and  AiHtn  not  eh^vute  Mfnuibly 
the  temperature  of  the  combining  subHtuncMfH ;  but  wh«!U  the 
combination  is  rapid,  the  heut  acjciiniulat^m  in  the  lM>i]i(*N  nnd  pro- 
duces the  phenomena  of  e^MnlMn^tion.  (/onibuHtton  in,  therefore, 
simply  a  process  of  chemical  iunnMumXum^  in  which  h<*iit  In  evolved 
so  much  more  rapidly  ttian  it  i*$  conveyt^d  awiiy  lhroii|/h  tho  tiNtial 
channels,  tliat  the  temjieratun;  of  the  »tiih»Uinc<'N  im  n^tiiin^'d  iiInivo 
the  point  of  ignition.  Alt  cmibiiftioM  with  whi<'h  we  lire  (/<'iii!Milly 
familiar  consists  in  tlje  chemical  coiiihiuation  of  Iho  hnrnini^  »tnli- 
stance  with  the  oxygen  of  the  air  ;  but  we  may  havi*  |ih<'noMMfntt 
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of  Intense  ignition  without  oxygen,  as  when  antimonj  is  droi^ 
in  powder  into  a  jar  of  chlorine,  or  when  phosphorus  is  mixed 
with  iodine.  The  quantity  of  lieat  evolved  during  chemical  com* 
hinatiou  varies  very  greatly  with  the  nature  of  the  substances 
employed ;  but  it  is  always  constant  for  the  same  substances,  and 
is  exactly  proportional  to  the  weight  of  each  which  is  used  in 
forming  the  compound.  Thus,  for  example,  from  one  kilogranune 
of  the  following  substances  there  is  always  evolved  the  amount  of 
heat  indicated  in  the  following  table  when  they  combine  with 
oxygen,  or,  in  other  words,  when  they  bum. 


Units  of  Heat 

UnlfiiorBal 

Hydrogen, 

.     34,462 

Oil  of  Turpentine, 

.  10,662 

Marsh  Gas 

13,063 

Ether, 

9,027 

Olefiant  Gas,  . 

.     11,858 

Alcohol, 

.     7,184 

Beeswax,     . 

10,496 

Wood  Charcoal,  . 

8,080 

Spermaceti,     . 

.     10,342 

Gras  Coke, 

.    8,047 

Stearic  Acid,   . 

9,716 

Native  Sulphur,  . 

2,261 

It  has,  moreover,  been  proved  that  the  amount  of  heat  evolved 
during  chemical  combination  is  precisely  the  same  whetlier  the 
union  be  rapid  or  slow,  and  also  whether  the  compound  be  formed 
at  once  by  direct  combination  or  by  several  successive  processes. 
But  all  these  subjects  can  be  discussed  to  much  greater  advan- 
tage after  the  student  is  familiar  with  the  laws  of  chemical  com- 
bination ;  we  shall,  therefore,  defer  the  further  consideration  of 
them  until  then.  The  same  is  true,  also,  of  the  heat  evolved 
by  the  processes  of  animal  life  ;  for  this  is  probably  due  to  a  slow 
combustion  which  takes  place  in  the  animal  body  under  the  influ- 
ence of  vitality. 


PROPAGATION   OF   HEAT. 

(318.)  Heat  may  be  transmitted  from  one  body  to  another 
through  space,  as  it  is  transmitted  from  the  sun  to  the  earth,  or 
it  may  be  communicated  from  particle  to  particle  by  direct  con- 
tact, as  wlien  a  bar  of  iron  is  heated  by  placing  one  end  in  contact 
with  ignited  coals.  The  first  of  tliese  methods  is  called  radiaiwny 
the  second  conduction.  It  is  probable,  however,  that  conduction 
is  only  a  form  of  radiation,  the  heat  being,  in  all  cases,  radiated 
from  particle  to  particle  through  the  intervening  spaces,  which 
may  be  exceedingly  large  as  compared  with  the  size  of  the  par- 
ticles themselves  (75). 
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(81  !t.)  Radiation.  —  Wlicn  wo  stand  in  thd  hriglit  PUiisluiie 

f  before  a  bUziMg  fire,  aiwl  foel  the  ot!cct  of  tho  ravs  uf  heat 

ppiiigiiig  on  onr  bodies,  ve  are  li;d  to  porcoive  that  huat  is  cniit- 

1  from  tho  surfaces  of  hot  bodies,  and  timt  it  has  the  {lovor  of 

hvorsiiig  space  and   Iraiieparont  media  like   the   atmonplierfl. 

ut  it  is  also  probable  that  mys  of  lieat  arc  ciiiitlcd  from  the 

ices  of  all  bodies  and   at  alt   tempenitnnjs,  however   low, 

^e  only  difference  between  hot  and  cold  bodies  being  that  tho 

ni  radiate  more  heat  tliaii  tho  last.     In  a  room  where  there  ts  a 

indition  of  thermal  equilibrium,  uoch  object  rcot-ivcs  a»  much 

■keat  as  it  radiates,  and  therefore  retains  its  own  tcm|>craturc.     If 

one  object,  however,  becomes  warmer  than  tho  rest,  —  the  store, 

for  example, — then  it  radiates  more  heat  than  it  receiiX's,  until  the 

^•quilibrium  is  again  cstabliEhed.    This  theory  explains  the  appar- 

^^Httt  radiation  of  cold,  which  we  feel  when  standing  before  a  large 

^^■ass  of  ice.     It  is  not  that  the  ioe  radiates  cold,  since  it  actually 

^^Kdiates  heat ;  but  as  the  body  receives  from  the  ico  less  heat 

^^Bkau  it  radiates  towai-ds  it,  we  feel  a  sensation  of  cold. 

^H|  The  phenomena  of  radiant  heat  are  in  all  rct^ficcts  similar  to 

jPVboM  of  light,  and,  as  is  well  known,  the  rays  of  both  agents  are 

found  mixed  together  in  the  sunl^eam  and  in  the  emanations  Irora 

moi5t  luminous  objects.     Like  light,  radiant  heat  is  transmitted 

with  an  incredible  velocity  in  straight  lines,  and  its  intensity 

diminishes  as  the  square  of  the  distance  from  tho  source.     If  tho 

rays  of  heat  fall  on  a  |iolishcd  surface  they  are  reflected,  and  the 

angle  of  reflection  is  always  equal  to  tlic  angle  of  incidence.    If 

they  enter  a  transparent  medium  they  arc  refracted,  and  for  tlie 

same  substance  the  sine  of  the  angle  of  refraction  always  beors  a 

L^Onstant  ratio  to  the  sine  of  the  angle  of  incidence.     If  they  are 

^Hpsscd  through  a  prism  of  rock  salt,  tliey  are  divided  into  rays  of 

^^Hlffercnt  refrnngibility,  which  stand  to  each  other  in  the  same  reta* 

^^Wm  as  tlie  different  colors  of  the  solar  spectrum ;  and,  lastly,  when 

reflected  or  refracted  at  a  certain  angle  by  different  substances, 

ibe  heat  rays  become  polarized  and  present  properties  similar  to 

e  of  polarized  light.     But  yet,  although  the  thermal  rays  thus 

!ely  resemble  the  rays  of  light,  there  ore  essential  differences 

tctween  the  two.    It  does  not  follow,  iKcause  a  medium  transmita 

light  unchanged,  that  it  will  transmit  heat  with  equal  readiness  ; 

example,  a  crystal  of  alum,  even  if  perfectly  transpa^ 

bt  to  light,  is  almost  opaque  to  heat ;  and,  on  (be  other  bond, 
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a  crystal  of  smoky  quartz,  which  will  hardly  transmit  a  ray  ot 
light,  is  quite  transparent  to  heat.  Most  solid  and  liquid  me& 
which  are  transparent  and  colorless  as  regards  light,  act  on  the 
rays  of  heat  in  the  same  way  that  colored  glasses  act  on  light; 
transmitting  rays  of  certain  degrees  of  refrangibility,  but  not 
others.  Thus,  for  example,  a  pane  of  colorless  glass  will  trans- 
mit  nearly  all  the  rays  of  heat  from  the  sun,  while  it  will  inte^ 
cept  the  greater  part  of  those  from  a  coal  fire,  and  absolutely  all 
the  rays  which  radiate  from  a  steam-pipe  heated  to  100^  ;  and  the 
same  is  true  to  a  still  greater  degree  of  water.  The  only  sub- 
stance which  is  perfectly  transparent  to  rays  of  heat  from  every 
source  is  rock-salt,  and  this  can  be  used  in  experiments  on  heat 
In  the  same  way  that  glass  is  used  in  optical  experiments.  The 
phenomena  of  radiant  heat  are  best  explained  by  the  undulatoiy 
theory,  which  assumes  that  they  are  caused  by  undulations  in  an 
imponderable  medium  filling  all  space  ;  and  they  cannot  be  prof* 
itably  studied  until  the  student  is  acquainted  with  the  mechanical 
theory  of  light.  We  shall,  therefore,  notice  in  this  connection 
only  a  few  familiar  facts  connected  with  the  subject. 

The  unequal  power  which  different  bodies  possess  of  radiating 
heat  appears  to  depend  on  the  condition  of  the  surface,  and  not 
on  the  nature  of  the  substance  of  which  the  body  consists.  As  a 
general  rule,  the  greater  the  density  of  the  substance  at  the  sur- 
face, the  less  is  tlie  radiating  power  of  the  body.  Thus,  the  bur- 
nished surfaces  of  the  metals  are  the  poorest  radiators,  while  the 
surfaces  of  paper  and  similar  loose  materials  are  the  best.  The 
very  best  radiator  of  all  is  a  surface  covered  with  lampblack.  If 
we  represent  the  radiating  power  of  such  a  surface  by  100,  that 
of  a  silver  surface,  hammered  and  well  burnished,  will  be  only  3. 
Those  surfaces  which  radiate  heat  the  best  also  absorb  it  the  most 
readily,  and  it  has  been  proved  that  the  absorbing  power  of  a  sur- 
face is  equal  to  the  radiating  power,  if  the  difference  between  the 
temperature  of  the  radiating'  and  absorbing  surfaces  is  not  great. 
On  the  other  hand,  the  power  which  a  surface  possesses  of  reflect- 
ing heat  is  always  in  the  inverse  ratio  of  its  power  of  absorption ; 
that  is,  the  best  absorbents  are  the  poorest  reflectors,  and  the 
reverse.  Hence  heat  is  best  reflected  by  surfaces  of  metals  which 
have  been  hammered  and  polished ;  but  so  entirely  does  the 
power  of  reflecting  or  absorbing  heat  reside  in  the  surface,  that 
a  sheet  of  gilt  paper  answers  the  purpose  of  a  reflector  nearly  as 


toll  as  a  mass  of  solid  gold.    The  power  which  a  surface  has  of 

lorbing  heat  varicB  with  the  nature  of  the  source  from  which  it 

mates,  while  its  radiating  power  remains  constant ;  the  two  are 

[usl  only  under  tlie  condition  above  stated.    Hence  it  is  not  siu- 

Uar  that,  while  the  radiating  power  of  any  Biirfece  is  unaffected 

^its  color,  the  readiness  with  which  bodies  absorb  the  heat  of 

t  mn  depends,  in  great  mcaGurc  at  least,  if  nut  entirely,  upon  it. 

Ibis  last  fact  was  noticed  by  Dr.  Franklin.     Ho  placed  pieces  of 

B  earoe  kind  of  cloth,  but  of  different  colors,  on  the  snow,  where 

ley  wore  equally  exposed  to  the  direct  rays  of  tlie  sua.     The 

ick  cloth  absorbed  tlie  most  heat  and  sunk  deepest  into  the 

mw,  while  the  whit«  cloth  produced  but  little  effect.     The  otlier 

plored  cloths  produced  intermediate  effects ;  and  they  may  be 

"finged  according  to  their  absorbijig  powers  a3  follows  :  black, 

■violet,  indigo,  blue,  green,  red,  yellow,  white. 

Numerous  illustrations  of  the  above  principles  may  bo  found  in 

the  familiar  facts  of  evcry-day  life.     Water  can  be  lieatod  most 

rapidly  in  a  dull  iron  kettle,  whose  bottom  is  covered  with  soot, 

while  it  can  lie  kept  hot  longest  in  a  bright  silver  teapot.     The 

^hpt  air  from  a  furnace  is  best  conveyed  to  the  different  apartments 

^^B  a  building   in   tinned   irou  pipes,  which  are  poor  radiators, 

^^KJle  the  smoke-pipe  of  a  stove  is  best  made  of  rough  shecCriron, 

^^Be  the  opposite  reason.     The  melting  of  a  bank  of  snow  is  accel- 

^^■Ited  by  sprinkling  over  its  suriace  coal-dust,  because  its  very 

^^H|ble   power  of  absorption   is  in   that   way   greatly  increased. 

^^Bght-colored  garments  are  preferable  in  summer,  because  they 

^^B  not  readily  absorb  the  solar  rays  ;  in  winter,  when  the  object 

^^Kfo  retain  the  heat  iu  the  body  and  prevent  radiation,  the  color 

^^m  unimportant. 

The  phenomenon  of  dew,  first  correctly  explained  by  Dr.  Wells, 
is  another  beautiful  illustration  of  tlie  principles  of  radiation. 
The  earth  is  constantly  radiating  heat  into  space.  During  the 
daytime  this  loss  is  compensated  by  the  constant  supply  of  heat 
firom  the  sun ;  but  as  soon  as  the  sun  sets,  the  supply  ceases, 
while  the  radiation  still  continues.  Consequently,  the  tempera- 
tare  of  all  objects  on  the  surface  exposed  to  the  clear  sky  is  rap- 
idly reduced ;  if  their  temperature  falls  below  the  dew-point  (313) 
of  the  atmosphere,  dew  is  deposited  upon  them  as  on  a  glass  of 
iced  water,  or,  if  tho  tempcraluro  falls  below  the  freezing-point,  tlie 
dew  takes  the  form  of  hoar-frost.  On  cloudy  nights,  little  or  no 
66" 
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dew  is  deposited,  because  the  clouds  reflect  hack  the  rays  of  hmt 
to  the  earth.  The  same  effect  is  produced  bj  the  glass  sashes  or 
straw  mattings  which  are  used  hy  gardeners  to  protect  young 
plants  from  the  late  frosts  of  spring.  The  direct  rays  of  the  son 
readily  pass  through  the  glass  during  the  daytime,  but  the  glass 
reflects  back  the  heat  of  loss  intensity  which  is  radiated  from  the 
earth  during  the  night.  On  windy  nights,  also,  little  or  no  dew 
is  deposited,  because  the  layer  of  air  in  contact  with  the  radiating 
crust  of  the  earth  is  so  frequently  renewed  that  its  temperature 
does  not  fall  to  the  dew-point ;  and  for  the  same  reason  dew  is 
more  copiously  deposited  in  a  Yalley  or  a  sequestered  dell  tlian  on 
the  top  of  a  hill ;  and  it  is  in  such  places,  also,  that  the  eariy 
frosts  of  autumn  are  first  felt.  As  we  should  naturally  expect, 
we  find  that  in  any  given  place  the  dew  is  deposited  most 
copiously  on  the  best  radiators,  which  are,  at  the  same  time, 
the  poorest  conductors ;  thus,  while  dew  is  deposited  in  abun- 
dance on  the  shrubs  and  the  grass,  which  derive  most  benefit 
from  the  moisture,  it  is  not  wasted  on  the  dry  path  and  road, 
whose  hard,  beaten  surfaces  render  tliem  poorer  radiators,  while 
at  the  same  time  their  higher  conducting  power  enables  them  to 
withdraw  heat  from  the  strata  below,  and  thus  in  part  make  good 
the  loss  which  the  radiation  may  have  caused. 

"  In  India,  near  the  town  of  Hooghly,  about  forty  miles  from 
Calcutta,  the  principle  of  radiation  is  applied  to  tlie  artificial 
production  of  ice.  Flat,  shallow  excavations,  from  one  to  two 
feet  deep,  are  loosely  lined  with  rice  straw  or  some  similar  bad 
conductor  of  heat,  and  upon  the  surface  of  this  layer  are  placed 
shallow  pans  of  porous  earthen-ware,  filled  with  water  to  the 
depth  of  one  or  two  inches.  Radiation  rapidly  reduces  tlie  tem- 
perature below  the  freezing-point,  and  thin  crusts  of  ice  form, 
which  are  removed  as  they  are  produced,  and  stowed  away  in 
suitable  ice-houses  until  night,  when  the  ice  is  conveyed  in  boats 
to  Calcutta.  Winter  is  the  ice-making  season,  viz.  from  the  end 
of  November  to  the  middle  of  February."  * 

(320.)  Conduction.  —  That  dense  and  compact  solids  like  the 
metals  are  good  conductors  of  heat,  while  light  and  porous  solids 
like  wood  and  the  various  textile  fabrics  are  poor  conductors, 
is  a  matter  of  common  experience.     The  general  fact  may  be 

•  Miller's  Elements  of  Chemistiy,  Part  I.  p.  901. 
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itliistrnled  hj  means  of  the  Apparatus 
of  Ingcnhousz,  rcpreneiitcd  in  Fig.  461. 
The  (JifTtireiit  rods  attached  to  the  front 
of  tliti  brass  Iiox,  mado  of  various  ma- 
terials,  are  covered  with  a  thin  layer  of 

IiX  ;  and  on  tiiniiiig  boiling  water  into 
)  box,  the  wax  melts  on  the  rods,  afl«r 
certain  time,  to  tmequal  distances, 
pendmg  on  their  relative  conducting  power. 
If  wc  heat  one  end  of  a  metallic  rod  with  a  lamp,  as  ropro- 
itcij  in  Fig.  4.^2,  the  temperature  of  tlie  dilforent  pads  of  the 
rod  will  gradually  increase,  until  a  point  is  reached  at  which  the 
heat  lost  by  radiationis  ei)ual  to  the  heat  received  from  the  tiamo 
■by  couduetiou  tlirough  the  bar.     If  now  wo  test  tlio  leniperalure 


of  the  difierent  parts  of  the  bar  by  means  of  thermometers  placed 
at  equal  intervals,  ^ay  of  one  decimetre  each,  it  will  be  found  that 
it  very  rapidly  decreases  as  we  go  from  the  source  of  heat ;  and 
if  tbo  distances  from  tlie  source  of  heat  incresise  in  an  arith- 
tiieticul  progression,  the  excess  of  tlie  temperature?  of  the  suc- 
cessive sections  of  the  bar  above  the  temperature  of  the  air  will 
Ijo  found  to  diminish  in  a  geometrical  pr<^csfion.  Moreover,  it 
I  evident  ttiat  tlio  rate  of  decrease  will  be  more  rapid  in  pmpor- 
inn  as  the  conducting  power  of  the  bar  is  more  feeble;  and  wo 
1  determine  the  relative  conducting  powers  of  two  bars  by 
ksuring  the  distances  from  tlte  source  of  heat  of  the  sections 
have  the  same  temporatnro,  for  it  cau  easily  be  proved 
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that  the  conducting  powers  are  to  each  other  as  the  sqaarea  of 
these  distances.  Experimenting  in  this  way,  and  using  a  delicate 
thermo-clectnc  pile  for  measuring  the  temperatures  of  the  dif- 
ferent sections  of  the  bars,  Messrs.  Wiedmann  and  Franz  de- 
termined the  relative  conducting  powers  of  various  metals,  u 
follows :  — 


Silver,     , 
Copper, 
Gold,      , 
Tin,    . 
Iron, 


100 
78.6 
53.2 
14.5 
11.9 


Steel, 
Lead,   . 
Flatiaum, 
Rose's  Metal, 
Bismuth,  . 


lU 


The  conducting  power  of  stones,  brick,  and  other  earthy 
materials,  is  very  much  less  than  that  of  the  metals,  and  the 
conducting  power  of  wood  and  other  oi^anic  tissues  is  so  very 
feeblo  tliat  they  are  usually  regarded  as  non-conductprs.  It  may 
be  assumed  as  a  rule,  although  it  has  many  ezceptious,  that  the 
denser  a  body  the  better  it  conducts  heat. 

Homogeneous  solids  and  crystals  belonging  to  the  regular  sys- 
tem conduct  heat  equally  in  all  directions ;  but  in  crystals  not 
belonging  to  tlie  regular  system,  the  conductr 
ing  power  varies  in  the  direction  of  unequil 
axes.  This  fact  is  easily  sliown  by  a  simple 
experiment  devised  by  Senarmont.  He  took 
two  slices  of  a  quartz  crystal  (F^.  453),  one 
cut  perpendicular  to  the  vertical  axis,  and  the 
other  parallel  to  it ;  through  tlie  centre  of  each 
plate  he  drilled  a  small  conical  aperture  for 
the  reception  of  a  silver  wire,  one  cud  of  which, 
heated  in  the  flame  of  a  lamp,  served  as  a 
central  source  of  heat.  Previously  to  the 
application  of  the  heat,  he  had  covered  the 
slices  of  the  crystal  with  beeswax.    He  found 

yjTdat-'-'. '         "***■  *"*  ^^^  ^'^^^  *^^  '*^  melted  in  the  form 
^^^^/  of   a    circle    round   the   vrirc,   showing   that 

^/  quartz  conducts  heat  equally  in  the  direction 

«(.  168.  of  its  equal   and  lateral  axes  ;   but   on   the 

second  the  wax  melted  in  tlie  form  of  an  el- 
lipse, whose  longer  diameter  coincided  with  the  vertical  axis  of 
the  crystal,  which  proved  that  the  conducting  power  is  greater 
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i  this  directiou  than  iu  the  one  at  right  angles  to  it.  Similar 
Bts  oro  alfio  true  of  organizod  structures  ;  thus,  wood  conducts 
iat  much  belter  in  tlio  direction  of  its  fibres  than  across  them. 
ICount  Kumford  concluded,  from  his  exporiments,  tbut  liquids 
absolntoly  non-conductors  ;  but  Inter  experiments  have 
town  that  they  do  conduct  heat,  bnt  only  very  imperfectly.  Dc- 
peta*  ospcrimentod  on  a  vertical  column  of  water  contained  in 
Iroodon  cylinder  one  metro  high  and  21,8  c.  m,  iu  diameter, 
lose  upper  GUrfocc  he  exposed  to  a  constant  source  of  beat. 
^  means  of  thermometers  passing  through  tubulatures  on  the 
s  of  the  cylinder,  ho  observed  the  tomporaturca  of  horizontal 
sections  of  the  liquid  at  equal  distances  from  each  other.  At  tlio 
ctid  of  32  hours  the  thermometers  were  stationary,  and  tlio  dif- 
ferences between  the  temperatures  indicated  by  the  successive 
thermometers  and  the  temperature  of  the  air  were  found  to  form 
a  dcK'reasing  geometrical  series,  as  in  a  solid  bar.  This  experi- 
lent  proves  con elusively  that  water  conducts  heat;  but,  never- 
Kless,  the  conducting  power  is  so  feeble,  that  water  may  be 
fled  for  majiy  minutes  at  the  top  of  a  test-tube  without  oc- 
ioning  tlie  slightest  inconvenience  to  tlie  person  who  holds 
I  lower  end.  Gases  are  still  poorer  conductors  of  heat  than 
aids ;  but  yet  they  are  not  absolutely  non-conductors,  and  they 
fcr  very  greatly  from  each  other  in  this  respect.  This  is 
toved  by  the  fact  that  a  hot  body  cools  more  rapidly  in  an  at- 
sphere  of  hydrogen  than  in  air,  and  also  by  a  similar  fact, 
■t  noticed  by  Grove,  that  a  platinum  wire  can  bo  made  to  glow 
Lair  with  a  feebler  galvanic  current  than  it  can  iu  hydrogen. 
I  order  to  heat  a  mass  of  liquid  or  gas,  we  always  apply  the 
^t  to  the  lowest  portion  of  the  containing  vessel;  thou,  as 
Kftdy  explained  (268),  currents  are  eslablisbed  by  which  the 
tides  are  brought  into  actual  contact  with  the  source  of  heat, 
nils  process  is  sometimes  distinguished  as  a  Uiird  method  of 
commuuicathig  heat,  and  called  concedion. 
II  (821.)  Illustrations,  —  Tlio  laws  of  conduction  fiimish  the  cx- 

H^iualion  of  many  familiar  facts,  and  receive  many  important 
^^Kiltcalions  both  in  the  arts  and  in  cvery-day  life.  Our  seni<8- 
^^■Mis  of  heat  and  cold  arc  very  much  influenced  by  the  condnct- 
l^ing  power  of  the  substances  with  which  the  body  comes  in  contact. 
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A  lioarth,  for  example,  feels  colder  to  the  bare  feet  than  a  wooden 
floor,  and  this,  again,  colder  than  a  woollen  carpet,  even  when  ill 
are  at  the  same  temperature.  The  obvious  explanation  is,  that 
Btone  is  a  better  conductor  than  either  wood  or  wool,  and  there- 
fore removes  the  heat  from  the  body  more  rapidly.  The  body,  if 
properly  protected  by  poor  conductors,  may  be  exposed  with  na- 
punily  to  air  heated  to  150**,  while  it  would  be  burnt  by  contact 
with  a  rod  of  metal  heated  to  only  60**.  The  oven-girls  of  Ger- 
many, protected  by  thick  woollen  garments,  enter  without  incon- 
venience ovens  where  all  kinds  of  culinary  operatio>ns  are  going 
on,  although  the  touch  of  any  metallic  articles  wliile  tiiere  would 
surely  burn  them. 

Water  in  pipes  laid  at  a  sli^t  depth  under  ground  is  not 
frozen  during  the  severest  winter,  because  the  soil  is  a  poor  con- 
ductor ;  and  iron  safes  are  rendered  fire-proof  by  making  them 
with  double  walls,  and  filling  the  intervening  space  witii  non- 
conducting materials.  Doors  of  furnaces,  ladles,  and  teapots 
are  provided  with  wooden  handles,  to  protect  the  hand  from  the 
heated  metal ;  and  hot  dishes  are  placed  on  woollen  or  straw 
mats,  which  prevent  the  polished  surface  of  the  table  from  being 
scorched.  So  also  vessels  of  glass  or  porcelain  are  heated  on 
a  sand-bath,  and  when  removed  from  the  fire  are  always  rested 
on  some  non-conductor,  as  they  are  liable  to  crack  when  suddenly 
heated  or  cooled. 

The  efficacy  of  clothing  in  preventing  the  escape  of  the  heat 
of  the  body  depends,  not  only  on  the  non-conducting  power  of 
the  material  itself,  but  also  on  that  of  the  air  which  is  imprisoned 
by  it.  Hence  it  is  that  wool,  fur,  and  eider-down,  which  retain 
large  bodies  of  air  within  their  texture,  are  so  well  adapted  to 
protect  the  body  against  the  extreme  cold  of  winter.  The  order 
of  the  conductibility  of  the  diffi)rent  materials  used  for  clothing 
is  as  follows :  linen,  silk,  cotton,  wool,  furs.  Accordingly,  cotton 
sheets  feel  warmer  than  linen  ones,  and  blankets  warmer  than 
either.  In  summer,  coarse  linen  goods  are  used,  because  they 
allow  the  heat  to  escape  from  the  body  more  readily  than  other 
materials,  while  a  dress  of  fine  and  close  woollen  is  the  best  pro- 
tection from  the  cold  of  winter  except  furs. 

It  is  in  consequence  of  the  non-conducting  property  of  gases, 
that  double  doors  and  windows,  which  include  a  layer  of  air  be- 
tween them,  are  so  useful  in  preventing  the  heat  of  our  houses 
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from  escaping  oatwards ;  and  the  double  walls  of  ioe-houses, 
refrigerators,  or  watoivcoolors,  for  preventing  tlie  heat  from  en- 
tering. For  the  same  reason,  snow,  which  encloses  large  quanti- 
tiee  of  air,  prevents  the  escs^  of  the  heat  from  the  earth,  and 
limits  the  penetration  of  frost.  It  is  a  well-known  fact,  that 
the  ground  alwafs  freezes  deeper  in  winters  without  snow  than 
when  it  abounds.  But  it  is  unnecessary  to  multiply  these  illus- 
trations further. 

(822.)  Coefficient  of  Conduction.  —  The  number  of  units  of 
heat  which  pass  in  one  second  through  a  solid  wall  1  m.  m.  thick 
and  having  an  area  of  1  m?,  when  the  difference  between  the 
temperatures  of  the  two  faces  of  the  wall  is  equal  to  1^,  is  called 
tiie  coefficient  of  conduction  of  tlie  substance  of  which  the  wall 
consists.  'Hie  coefficient  of  conduction  oi  lead  was  determined 
by  Peclct  by  means  of  a  very  ingenious  apparatus,*  and  found 
to  be  8.82.  From  this,  the  coefficients  of  conduction  of  other 
solids  can  be  calculated  when  their  conductibility  as  compared 
with  lead  is  known.  We  give,  in  the  first  column  of  the  follow- 
ing table,  the  relative  conductibility  of  several  solids,  as  deter- 
mined by  Despretz  ;  and  in  the  second  column,  the  coefficients  of 
conduction,  which  have  been  calculated  as  just  described.  The 
results  of  Despretz,  however,  are  not  probably  as  accurate  as  those 
of  Wiedmann  and  Franz,  given  above. 


I. 

n. 

I. 

n. 

Gold,    . 

.     100.0 

21.28 

Tin, 

.     30.39 

6.46 

Platinum, . 

98.1 

20.95 

Lead,  . 

17.95 

3.82 

Silver,  . 

.      97.3 

20.71 

Marble,  . 

.       2.36 

0.48 

Copper, 

89.8 

19.11 

Porcelain,   . 

1.22 

0.24 

Iron,     .        • 

.      87.4 

7.95 

Baked  Clay,   . 

.       1.14 

0.23 

Zinc, 

36.3 

7.74 

When  the  coefficient  of  conduction  is  known,  we  can  easily 
calculate  the  amount  of  heat  in  units  which  will  pass  through  a 
given  metallic  plate  in  a  given  time,  by  means  of  the  following 
formula,  which  for  want  of  space  we  must  assume  without  proof. 


C=K 


[205.] 


In  this  formula,  K  represents  the  coefficient  of  conduction,  S  the 
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A  hearth,  for  cxam|)le,  feels  colder  to  the  bare  foet  than  a  wooden 
floor,  and  this,  again,  colder  than  a  woollen  carpet,  eveii  wiien  all 
are  at  the  Hame  temperature.  The  obvious  explanation  is,  that 
Btone  is  a  better  conductor  than  either  wood  or  wool,  and  there- 
fore removes  the  boat  ftom  tlio  body  more  rapidly.  Tlie  body,  if 
properly  protected  by  poor  conductors,  may  be  exposed  with  im- 
punity to  air  heated  to  150°,  while  it  would  be  burnt  by  contact 
with  a  rod  of  metal  licated  to  only  50°.  The  oven-girls  of  Gw- 
many,  protected  by  thick  woollen  garments,  ent«r  without  incoih 
venience  ovens  where  all  kinds  of  culinary  operations  arc  going 
on,  although  the  touch  of  any  metallic  articles  while  there  would 
Burely  hum  them. 

Water  in  pipes  laid  at  a  slight  depth  nnder  ground  is  not 
frozen  during  the  severest  winter,  because  the  soil  is  a  poor  con- 
ductor ;  and  iron  safes  are  rendered  fire-proof  by  making  then 
witli  double  walls,  and  filling  the  intervening  space  with  non- 
conducting materials.  Doors  of  furnaces,  ladlw,  and  teapois 
are  provided  with  wooden  handles,  to  protect  the  hand  from  the 
heated  metal ;  and  hot  dishes  are  placed  on  woollen  or  straw 
mats,  which  prevent  the  polished  surface  of  tiie  table  from  being 
scorched.  So  also  vessels  of  glass  or  porcelain  are  heated  on 
a  sand-bath,  and  when  removed  from  the  fire  are  always  rested 
on  some  non-conductor,  as  they  are  liable  to  crack  when  Eoddeoly 
heated  or  cooled. 

The  efficacy  of  clothing  in  preventing  the  escape  of  the  heat 
of  the  body  depends,  not  only  on  the  non-conducting  power  of 
the  material  itself,  bat  also  on  that  of  the  air  which  is  imprisoned 
by  it.  Hence  it  is  that  wool,  fur,  and  eider-down,  which  retain 
large  bodies  of  air  within  their  texture,  are  so  well  adapted  to 
protect  the  body  against  the  extreme  cold  of  winter.  The  order 
of  the  conductibilily  of  the  different  materials  used  for  clothing 
is  as  follows:  linen,  silk,  cotton,  wool,  furs.  Accordingly,  cotton 
sheets  feel  warmer  than  linon  ones,  and  blankets  warmer  than 
either.  In  summer,  coarse  linon  goods  are  used,  "because  they 
allow  the  heat  to  escape  from  the  body  more  readily  tlian  other 
materials,  while  a  dress  of  fine  and  close  woollen  is  Hie  best  pro- 
tection from  the  cold  of  winter  except  furs. 

It  is  in  consequence  of  the  non-conducting  property  of  gaMS, 
that  double  doors  and  windows,  which  include  a  layer  of  air  be- 
tween them,  are  so  useful  in  preventing  the  heat  of  our  houses 
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from  escaping  oatwards ;  and  the  double  walls  of  ioe-houses, 
refrigerators,  or  wator-coolors,  for  preventing  the  heat  from  en- 
tering. For  the  same  reason,  snow,  which  encloses  large  quanti- 
ties of  air,  prevents  the  escape  of  the  heat  from  the  earth,  and 
limits  the  penetration  of  frost.  It  is  a  well-known  fact,  that 
the  ground  always  freezes  deeper  in  winters  without  snow  i\mju 
when  it  abounds.  But  it  is  unnecessary  to  multiply  these  ^Uflus- 
trations  further.  ^'^ 

(822.)  Coefficient  of  Conduction.  —  The  number  ^of  units  of 
heat  which  pass  in  one  second  through  a  solid  woIZT  1  m.  m.  thick 
and  having  an  area  of  1  m?,  when  the  diffidtence  between  the 
temperatures  of  the  two  faces  of  the  wallc  is  equal  to  1**,  is  called 
tiie  coefficient  of  conduction  of  the  vfibstance  of  which  the  wall 
consists.  Tiie  coefficient  of  condri^ion  of  lead  was  determined 
by  Peclet  by  means  of  a  very  b<(genious  apparatus,*  and  found 
to  be  8.82.  From  this,  the  ^coefficients  of  conduction  of  other 
solids  can  be  calculated  w)nen  their  conductibility  as  compared 
with  lead  is  known.  W(j/give,  in  the  first  column  of  the  follow- 
ing table,  the  relative /conductibility  of  several  solids,  as  deter- 
mined by  Despretz  ;  ^d  in  the  second  column,  the  coefficients  of 
conduction,  which  Wave  been  calculated  as  just  described.  The 
results  of  DespreXz,  however,  are  not  probably  as  accurate  as  those 
of  Wiedmann^ud  Franz,  given  above. 
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len  the  coefficient  of  conduction  is  known,  we  can  easily 
(culate  the  amount  of  heat  in  units  which  will  pass  through  a 
gi^n  metallic  plate  in  a  given  time,  by  means  of  the  following 
fornbula,  which  for  want  of  space  we  must  assume  without  proof. 
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[205.] 


Irl  this  formula,  K  represents  the  coefficient  of  conduction,  S  the 
/ 
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[91],  when  cither  the  volumes  or  the  specific  gravities  of  both 
the  weights  and  the  body  are  known.  For  this  purpose,  the 
heights  of  the  barometer  and  thermometer  are  observed  at  the 
time  of  weighing,  and  from  these  observed  data  the  weight  of  one 
cubic  centimetre  of  air  (u?),  required  in  making  the  reduction,  is 
easily  calculated  by  [215],  or  obtained  by  inspection  from  Table 
XIV.  In  weighing  either  solids  or  liquids,  however,  the  correc- 
tion for  the  buoyancy  of  the  atmosphere  is  at  best  very  small, 
and  may  be  entirely  neglected  except  in  tiie  very  few  cases  where 
ti\Q  greatest  refinement  is  required ;  as,  for  example,  in  adjusting 
standard  weights.  For  the  method  to  be  followed  in  such  cases, 
the  student  will  do  well  to  consult  the  admirable  memoir  of 
Professor  Miller*  on  the  restoration  of  the  English  standards. 

(325.)  Speci^€  Gravity,  —  The  specific  gravity  of  a  substance 
has  been  defined  as  the  ratio  of  its  weight  to  that  of  an  equal 
volume  of  pure  water  at  4^,  the  temperature  at  which  the  volume 
of  the  solid  is  measured  being  0^.  The  general  methods  by 
which  the  specific  gravity  of  solids  is  determined  have  been 
already  described  (144-146),  and  we  have  only  to  consider 
the  methods  by  which  results  obtained  at  other  temperatures 
may  be  reduced  to  the  standard  temperatures. 

In  order  to  obtain  the  specific  gravity  of  a  solid,  we  determine, 
in  the  first  place,  the  relative  weight  ( TT)  of  the  body ;  and 
when  very  great  accuracy  is  required,  the  weight  observed  in  the 
air  may  be  reduced  as  just  described.  We  next  seek,  by  one  of 
the  methods  of  (145)  and  (146),  tlie  weiglit  of  pure  water  ( IF') 
displaced  by  the  body  when  the  temperature  of  the  water  is  4**, 
and  that  of  the  solid  0® ;  and,  lastly,  we  calculate  the  specific 
gravity  by  dividing  the  first  weight  by  the  last.  Practically, 
the  value  of  W'  is  always  determined  at  some  temperature,  f*, 
higher  than  the  standard  temperatures,  and  the  same  for  both 
solid  and  water ;  and,  before  using  it  in  calculating  the  specific 
gravity,  it  is  necessary  to  determine  what  would  be  its  value 
assuming  that  the  water  was  at  4**  and  the  solid  at  0'.  In  Table 
XVI.  wo  have  given  the  specific  gravity  of  water  at  different 
temperatures  referred  to  water  at  4"*  as  unity.  Representing, 
then,  the  specific  gravity  at  f  by  S^  and  also  the  weight  of  water 
displaced  respectively  at  f"   and   4"  by  Wf>  and   Tf^o,  we  shall 

*  Philosophical  TransactioDS,  Part  HI.    London,  1856. 
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hare,  eridently,  (assuming  that  <be  volume  of  the  solid  is  in- 
variable,) 

TT^  :  TFi,  =  1  :  I,    or     W^  ^  W,  j  .         [206.] 

But  the  volume  of  the  solid  is  not  invariable,  and  it  displaces  at 
0^  (the  standard  temperature  for  the  solid)  less  water  than  at  t"*. 
Representing  the  volumes  o[  the  sciid  at  0"*  and  t^  by  V^  and 

Vi*  respectively,  we  liave,  by  [166]^  FJ^=s  Fi*  T-jrx~r     Since 

the  two  weights  of  water  displaced  by  the  solid  when  at  0°  and  f" 
must  be  proportional  to  the  vohimcs  of  the  solid  at  these  tempera- 
tures, (assuming  now  that  the  temperature  of  the  water  is  invaria- 

y 
bly  at  4*,)  we  shall  also  have  W^ :  WV  =  F,* :      .    , .-  .    Hence, 

and  by  [206], 

WU^  =  W,.^  .  j^^.  [207.] 

Having  thus  obtained  the  weight  of  water  at  4^  displaced  by  the 
solid  at  0**,  this  vahie,  TTV,  is  to  be  used  in  place  of  W'  in  [87]. 
The  last  factor  of  [207]  is  always  very  nearly  unity,  and  can  in 
most  cases  he  neglected  witliout  appreciable  error.  When  the 
coefficient  of  expansion  is  not  accurately  known,  and  great  accu- 
racy is  required,  the  value  of  K  may  be  eliminated  from  [207] 
by  making  two  determinations  of  the  weight  of  water  displaced 
at  temperatures  differing  as  widely  from  each  other  as  the  cir- 
cumstances will  permit.  In  very  accurate  determinations  the 
temperature  of  the  water  should  be  observed  to  the  tenth  of  a 
Centigrade  degree ;  and  if  tlie  value  of  i  is  not  given  in  tlie 
table  for  the  observed  temperature,  it  can  easily  be  determined  by 
interpolation.    Compare  (289).* 


*  The  most  acmnrte  method  of  deterroiiunf^  the  speciAc  gjmTitr  of  a  solid  is  the 
one  with  the  hydrostatic  halance  (146),  which  shovld  always  be  used  when  th«  nature 
of  the  sahstance  will  admit  of  it.  The  body  is  best  suspended  from  tlie  pan  of  the 
balance  by  a  single  fibre  of  silk,  or  by  a  rery  ftne  hnman  hair,  and  the  tem|>eratare  of 
die  water  obserred  by  meant  of  a  Tery  delicate  thermometer,  adjaste«l  so  that  the 
b«lb  may  be  nearly  in  contact  with  the  body,  and  so  that  the  diTision  may  be  read  by 
m  telescope  placed  outside  of  the  balance-case.  When  the  solid  is  in  po\nl  r,  it  can  be 
Mpported  under  water  in  a  small  glass  cup  suspended  to  the  pan  of  the  hiilan(>e  by  a 
pladnum  wire.  In  this  case,  it  is  neeessary  to  weigh,  first,  the  cup  nndcr  wnter,  im- 
mersed to  »  poim  marked  on  the  platinum  wire.    We  then  weigh  the  cup  coutuining 
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(826.)  Volume.  —  The  volume  of  a  solid  can  rarely  be  dete^ 
mined  with  accuracy  by  direct  measurement.  It  is  therefore 
generally  calculated  from  the  weight  and  the  specific  gravity  by 
means  of  the  formula  [56].  Several  examples  of  such  calcula- 
tions have  already  been  given  among  the  problems. 

the  powder  immersed  to  the  same  point,  taking  care  that  the  temperature  is  the  same 
as  before.  The  difference  between  these  weights  is,  evidently,  the  weight  of  water  dis- 
placed by  the  solid  at  the  observed  temperature,  which  must  be  reduced  to  the  standard 
temperatures  by  [207].  Lastly,  we  wash  the  powder  into  a  tared  beaker-glass,  evapo- 
rate the  water,  and  determine  the  weight  of  the  solid.  The  only  objection  to  this 
method  of  experimenting  arises  from  the  &ct  that  the  resistance  of  the  water  to  the 
motion  of  the  cup  renders  the  balance  less  sensitive  and  prompt  in  its  indications. 

When  the  solid  is  in  powder,  very  accurate  results  can  be  obtained  with  a  spedfie- 
gravity  bottle  (145).  The  neck  of  the  bottle  should  be  made  with  a  thick  rim,  gronod 
square  at  the  top,  and  the  glass  stopper  should  be  so  fitted  as  not  to  have  a  channel 
between  the  two  in  which  water  can  collect  In  order  to  determine  its  specific  gravitv, 
a  known  weight,  W,  of  the  powder  is  introduced  into  the  bottle  with  water,  and  after 
the  entangled  air  has  been  removed  by  an  aii^pump,  the  bottle  is  suspended  in  a  lajge 
beaker  of  water  whose  temperature  is  very  slightly  higher  than  that  of  the  room.  This 
temperature,  t,  is  carefully  observed  by  means  of  a  delicate  thermometer,  whose  bulb  is 
placed  near  the  bottle.  After  an  equilibrium  is  established,  the  stopper  is  inserted  into 
the  neck  of  the  bottle  while  it  is  still  under  water.  The  bottle  can  then  be  removed, 
and,  after  having  been  wiped  dry,  weighed  at  leisure.  Tliis  is  the  weight  Wi  of  [86]. 
For  every  specific-gravity  bottle,  we  determine  once  for  all  the  weight,  Wo,  of  water 
which  it  contains  at  0^.  This  is  a  constant  for  that  bottle,  and  from  it  we  can  easily 
calculate  the  weight  of  the  bottle  filled  with  water  at  t°,  or  Wi,  by  the  formula, 

Wi  =  W  +  TFo  (1  +  Kt)  a,  [208.] 

in  which  W  is  the  weight  of  the  glass,  K  the  coefficient  of  expansion  of  glass,  and  i 
the  specific  gnivity  of  water  at  /o,  referred  to  water  at  0°  as  unity,  as  given  by  Table 
XVI.     The  weight  of  the  water  displaced  at  ^  is  now  determined  by  the  formula 

W'to  =  Wi  +  TT—  fTs, 

which  is  then  reduced  to  the  standard  temperature  by  [207]. 

The  chemist  frequently  has  occasion  to  determine  the  specific  gravities  of  solids 
which  arc  soluble  in  water.  For  this  purpose  he  selects  some  inactive  liquid,  such  as 
alcohol,  glycerine,  or  oil  of  turpentine,  and  first  finds,  by  one  of  the  mcthoils  just  de- 
scribed, the  weight  of  this  liquid  displaced  by  the  body,  exactly  as  when  using  water, 
the  tcinperaturc  l)eing  carefully  observed.  He  then  determines  the  specific  gravity  of 
the  liquid  used  at  the  same  temperature  as  before,  and  from  these  data  easily  calculates 
the  specific  gravity  of  the  solid.  The  student  will  be  able  to  devise  a  formula  for  the 
purpose. 

In  all  delicate  determinations  of  specific  gravity  it  is  essential  to  use  several  grammes 
of  the  substance,  since  otherwise  a  very  small  error  in  the  weighing  will  cause  an  im- 
portant error  in  the  result  It  is  also  essential  to  remove  any  air  which  may  be 
entangled  in  the  interstices  or  cavities  of  tlie  solid.  This  can  be  done  either  by  boiling 
the  liquid  in  which  the  solid  is  immersed,  or  by  placing  the  vessel  containing  the 
liquid  and  solid  under  the  receiver  of  an  air-pump  and  exhausting  the  air. 
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(327.)  Weiffht  and  Specific  Gravity.  — Tho  weight  of  a  Iiq\ii(l 
can  be  most  accurately  determined  by  direct  weighing,  and  tlio 
weight  of  the  liquid  in  the  atmosphere  may  be  rtMluciMl  to  tlio 
weight  in  vacuo  exactly  as  in  the  case  of  solids ;  only  the  tare  of 
the  flask  in  which  the  liquid  is  enclosed  must  Ih)  taken  under  the 
same  circumstances  of  temperature  and  pressure  as  tliose  undnr 
which  the  liquid  is  weighed.  Such  niceties,  however,  are  very 
rarely  necessary. 

The  specific  gravity  of  a  liquid  determined  at  an  obHervud 
temperature,  t*  by  either  of  tlie  methods  dcMirilMMl  in  (I'lA) 
and  (146),  can  easily  be  reduced  to  the  standard  t4)ni|ienituro 
when  the  law  of  expansion  of  tlie  liquid  is  known.  For  this  pur- 
pose, we  first  calculate  the  volume  of  the  liquid  at  /*  (  Vf.)^  the 
volume  at  0^  being  unity,  by  means  of  the  empirical  fonnuU 
expressing  the  law  pf  exfiansion  (255)  ;  and  since  tlie  s|M;cific 
gravity  at  difierent  temperatures  must  Ixs  inversely  as  the  volume, 
we  have 

r,» :  1  =  (Sp.Gr.^tf  :  ifip.Gr.)r , 
and  [20i^1 

( Sp.  Gr:)(f  =  ifip. Gr.)r  Vr . 

In  most  cases  with  which  the  cliemiKt  mf^iU  in  pra/;tir;i$,  hifW^ttr^ 
the  law  of  expansion  is  luA  knoirn«  it  \m  tli^n  Ut%i  U$  iaUtrmUuf 
by  direct  experiment  die  fcfiwific  gravity  of  tli';  li^juid  at  tli^  uiMu4^ 
ard  temperature.  An  apfiaraius  lun^uUsA  iff  B/sfrriault  l^Fi^.  4f/ij 
may  be  osod  with  tuhtUiXsL'j^H  for  tinn  f/uq^/d^;.  It  i»  //M;r«rl/  a 
specific-gravity  liottle,  Mi  it\ui]if^  thai  it  rjtu  r*a^li\Y  \tH  nnrronitfM 
by  melting  ice  aiid  tivi  volume  of  tli^  li^jui/J  $i^'.i$^ir*:4  with 
great  accuracv.  It  i*,  in  tti«;  fintt  fAsuut^  MM^  Wkn  a  Ut^rttt^^fs^H^' 
tube,  with  tlie  liquid  Ui  \^  ^xjotiitt^f  wUi^:h  i%  tit^h  **/i^^^  t//  (f 
by  sorroiindiii:?  tL>  z^jf^r^nM  tvj^^/rWJ  ^/$i  iU  tV^tA  vitb  p^jiy^" 
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ized  ice.  After  an  cqoilibrium  of  temperature  is  ertablished,  tbt 
excess  of  the  liquid  is  removed  with 
biVnilooB  paper,  until  tiie  Ikpid 
stands  at  a  point  maiiEed  wi  &a 
fine  tube  which  forma  the  neck  «f 
the  bottle.  The  apparatus  is  now 
closed  with  its  ^ass  stopper,  and  it 
m&Y  tbea  be  zemored  irom  the  ioe, 
wiped  dry,  and  weighed  at  leisnrsi 
By  subtracting  from  tliis  weight  the 
tare  of  the  glass  aud  the  braes  stand, 
ve  obtua  tJie  weight  of  liquid  which 
the  apparatus  holds  at  0°,  which,  di- 
Ir  jl]  Tided  by  the  weiglit  of  water  it  coa> 

■^^"^^'^  tains  at  4°  (previously  determined), 

g^ves  the  exact  specific  gravity. 

(S28.>  Volume.  —  Tlie  volomei 
of  liquids  are  generally  determined 
by  direct  mcasuremeut.  For  this 
purpose  a  great  variety  of  grad- 
uated glasses  are  used,  which  are  described  in  detail  in  most 
works  on  Chemical  Manipulation  or  Chemical  Analysis.* 
These  instrumente  for  chemical  purposes  are  usually  gradu- 
ated in  cubic  centimetres,  and  are  only  standard  at  0".  The 
process  of  measurement  is,  however,  seldom  so  accurate  as  to 
make  it  important  to  regard  the  change  of  volume  which  the 
glass  luidcrgoes  frtmi  changes  of  temperature.  The  same,  how- 
ever, is  not  true  in  regard  to  the  liquid  itself ;  where  great 
accuracy  is  required,  it  is  important  to  observe  tlie  temperature 
at  which  the  measurement  is  made,  and  to  reduce  the  observed 
volume  to  the  standard  temperature  by  means  of  tho  empirical 
formula  (255),  which  expresses  the  law  of  expansion  of  tlie  given 
hquid. 

Tlie  volume  of  a  liquid  can  bo  deterrained  with  greater  accu- 
racy by  [56]  ;  that  is,  by  dividing  the  weight  of  the  liquid  by  its 
epecilic  gravity  for  tlio  temperature  at  which  the  volume  is  re- 
quired. This  method  is  frequently  used,  in  chemical  iuvcsttg&- 
tions,  iop  measuring  the  volume  of  a  glass  vessel.     For  this  pur- 

1  ba  fennd  fn  Dr. 
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pom,  wc  dctoraiino  with  a  delicate  balaitce  liie  weight  of  niercurj 
or  distillud  wiiter  wliicli  the  vos&qI  contiiiiis  at  an  olisorvcd  tein- 
perutiiru.  This  wuight,  dividud  liy  tlie  i^jicciiic  gravity  of  meroury 
or  walor  for  tlie  given  teiui)eratiire,  gives  tlie  vnlume  of  iHo 
Vessel  at  tlmt  temperature.  If  tlio  weight  is  accurate  lo  one 
ceiitigriuitino,  the  volume  maj  thus  be  measured  within  tbo  thou- 
sandlli  or  [lie  hnndredtli  of  a  cubic  ceutimetro,  aceoi'diiig  as 
mercury  or  water  was  used  in  the  determination.  Knowing  now 
the  volume  of  the  vessel  at  a  given  temperature,  I,  and  also  (lie 
coeflidont  of  expansion  of  glass  (245),  we  can  easily  calculate 
by  [107]  the  volume  at  any  other  temperature  (241). 


OASES    AND    VAPOK3. 

[/329.)   Weighl.  —  The  weights  of  equal  volumes  of  the  best 

town  gosea  and  vapors  have  l>eeu  determined  with  great  care  by 
freral  es|jerimenter3,  aud  it  is  now  seldom  uocessai-y  to  repeat 

I)  determination.  Those  of  air,  oxygen,  nitrogen,  hydrogen,  and 
tfbomc  acid  were  determined  l>y  Rognault,  and  are  among  the 
:curato  constants  of  science.     The  method  which  he  used 

1  serve  to  illustrate  the  general  method  followed  iu  such  cases. 


iScgnauIt  wcifihcd  llic  ^«es  in  a  large  glos 

.   been   mcaanrt»I  in  ilie  way  juist  de- 

In   order  to   avoid   ihe   always 

1    corretlion   made    npcesaary   by 

in  the  buoyancy  of  the  atmo'^jiherc 

during  the  course  of  the  expcnnienU,  he 

equipoised  lliis  {tlobe  by  aiiot}ier  globe  of 

the  aame  size  and  made  of  the  same  kinil 

glass    (see   Fig.   258) ;    no  completely 

I  Uiid  eiinplc  proviuon  eSert  its  olijecl, 

n  one  exiierimenl  he  »aw  ifae  ctiui- 

n  maintained  during  fourteen  days  i" 

e  of  great  change  in  ibe  tempemFure, 

lislure  of  the  air.    The  ex- 

Timcnfs  were  comliicled  in  ihe  following 

way.     The  globe,  having  been  Furroiiniled 

with  mcltiiiK  ic*  (Fig.  455),  and  connected 

f  a  lend  tube  with  tka  mnnomcler  (  f  luid 

o  wilh  an  air-pump  throiiph  the  Im 


globe,  whose  volume,  V, 


I  a  m,  was  first  filled  with  perfectly  pure  and  dry  gas.     This  « 
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effected  bj  exhausting  it  sereral  times,  and,  after  each  exhaiistioD,  oon* 
necting  it  with  the  vessel  in  which  the  gas  was  generating  through  a  seriei 
of  U  tubes,  by  which  the  crude  gas  was  dried  and  purified.  The  ^dbe 
was  then  exhausted  again  as  perfectly  as  possible,  and  the  tension  of  the 
small  amount  of  gas  remaining  in  it  ascertained  by  measuring  the  height 
a  p  with  a  cathetomcter.  Represent  this  by  h^  This  measurement  hav- 
ing been  made  and  the  stopcock  closed,  the  globe  was  disconnected  from 
the  manometer,  removed  from  the  ice,  and,  having  been  carefully  deaned, 
suspended  to  one  pan  of  a  very  strong  and  delicate  balance,  and  coun- 
terpoised by  a  second  globe  as  above  described.  The  globe  was  then 
returned  to  its  first  position,  and  the  connection  having  been  made  ii 
before,  it  was  again  filled  with  the  same  gas  under  the  pressure  of  the  air. 
Represent  the  pressure,  as  given  by  the  barometer,  by  H^*  LasUy,  the 
globe  was  a  second  time  suspended  from  the  balance,  and  the  increase  of 
weight  determined,  which  we  will  call  W,  This  evidently  was  the  weiglit 
of  a  volume  of  gas  equal  to  the  volume  of  the  globe  measured  at  0^, 
and  under  a  pressure  of  H^  —  ^o-  The  weight  of  one  cubic  centimetre 
of  the  gas  at  0°,  and  under  a  pressure  of  76  c.  m.,  was  then  calculated  by 
the  formula, 

-^^•T-Ai-A;-  [210.] 

The  results  obtained  by  Regnault  were  as  follows :  — 

StMciflo  Weight  of  1  Utre 

Name  of  0«.  l^l  J^JT-r*  '* 

Air, 1.00000  1.293187 

Nitrogen,.         .         .         .         0.97137  1.256167 

Oxygen,        .         .         .         .1.10563  1.429802 

Hydrogen,         .         .         .         0.06926  0.089578 

Carbonic  Acid,      .         .         .     1.52901  1.977414 

It  was  discovered  by  Gay-Lussae,  that  all  gases  combine  with 
each  other  in  very  simple  proportions  by  volume.  This  remark- 
able law  will  be  considered  at  length  in  another  portion  of  this 
work.  It  is  sufficient  for  the  present  to  say,  that  it  gives  us  the 
means  of  calculating  from  the  weight  of  one  litre  of  oxygen  the 
weight  of  one  litre  of  any  other  gas  when  the  chemical  equiva- 
lent and  the  combining  volume  arc  known.  In  this  way  the 
values  given  in  the  fifth  column  of  Table  II.  have  been  calcu- 
lated. They  are  not  exactly  equal  to  those  obtained  by  direct 
experiment,  probably  because  the  different  gases  are  unequally 
compressed  by  the  weight  of  the  atmosphere.  The  actual  weiglits 
as  observed  can  always  be  obtained  by  multiplying  the  "  specific 
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grarity  by  observation,"  given  in  Tables  III.  and  IV,,  by  1.29200. 
th';  weight  of  one  litre  of  air. 

The  weight  of  one  litre  of  a.  vapor  nt  0'  and  "13  c.  m.  is  of 
course  a  fiction,  since  all  those  gasea  generally  Icnowii  as  vapors 
(292)  would  be  condensed  to  liquids  under  tlieso  conditions  of 
t^'iiiperature  and  pressure.     It  is  convenient,  however,  in  many 

.k-ulations,  to  know  the  weight  which  one  litre  of  a  vapor  would 
iuivc  at  ibc  Rljindurd  temperature  aitd  pressure,  assuming  that  U 
could  retain  its  ueriforra  conditioii  tinder  these  cireuiustances ; 
lliu  wcigliCs  of  the  vapors  are  therefore  given  in  Table  II.  la 
connection  with  tlioso  of  ttie  gases. 

Knowing,  tlien,  the  weight  of  one  litre,  and  hence  also  of  one 
cubic  centimetre,  of  all  the  more  important  gases  and  vapors  at 
0°  and  at  76  c.  ra.,  when  perfectly  dry,  we  can  easily  calculate 
from  those  constants  the  weight  of  ona  cubic  centimetre  of  any 
of  these  gases  when  saturated  witli  aqueous  va|)or,  and  at  any 
given  temperature  and  pressure.  The  following  formula  for  the 
purpose  is  easily  deduced  from  [100],  [184j,  and  [203],  re- 
lembering  that  the  weight  of  one  cubic  centimetre  of  any  given 
<B  of  gas  must  bo  inversely  as  its  volume. 

"''  =  «'■  r^rmmi  ■  -70—        t-^^-J 

This  formula  gives  the  weight  of  tho  gas  only,  uot  including 
the  weight  of  aqueous  vapor  mixed  with  it ;  if  the  gas  is  dry,  Q 
becomes  0,  and  of  course  disappears.  Using  the  weight  of  oue 
litre  of  aqueous  vapor  at  0"  and  76  c.  m.  given  in  Table  II., 
we  can  easily  calculate  by  [211]  the  weight  of  one  cubic  metre  of 
aqueous  vapor  at  different  pressures  and  temperatures.  It  was  in 
this  way  that  the  values  given  on  page  571  were  obtained.  They 
are  not  absolutely  accurate,  because,  as  we  have  before  seen,  the 
vapor  deviates  from  tlie  law  of  Mariotto  before  reaching  its  maxi- 
mum tension,  while  the  formula  assumes  that  it  strictly  obeys 
the  law. 

The  weight  of  one  cubic  centimetre  of  a  gas  depends,  to  a  slight 
extent,  on  still  another  cause  uot  yet  considered,  namely,  the  va- 
riations in  tho  intensity  of  the  force  of  gravity  over  tho  surface 
of  the  earth.  What  the  effect  of  such  variation  must  be  can 
easily  be  seen  by  taking  an  assumed  case.  Suppose,  then,  tliat 
the  intensity  of  tho  earth's  attraction  were  exactly  doubled,  it 
is  evident  that  the  total  weight  of  tlie  atmosphere,  and  hence 


its  pressure,  iK^uld  be  doublecU  MoreoTer,  the  density  of  il 
gases  exposed  to  this  pressure  would  be  doubled  also ;  and  a& 
this  change  would  take  place  without  any  rariation  in  the  heig^it 
of  the  barometer ;  for  althougli  ih%  pressure  of  the  air  would  be 
thus  increased,  the  weiglit  of  the  mercurf-^xdumn  wiiich  meas- 
ures this  pressure  would  be  increased  in  the  same  prc^rtkm. 
A  similar  effect  to  this,  although  only  to  a  very  slight  extent,  is 
produced  by  the  small  variations  in  the  force  of  gravity  on  the 
earth's  surface.  Other  things  being  equal,  the  reiative  weight  of 
one  cubic  centimetre  of  a  gas  at  different  places  is  proportional 
to  the  force  of  gravity  at  these  places. 

w  :  w'  =:g  :  g'         and        tr'  =  tr  —  •  [212.] 

The  weights  determined  by  Regnault,  and  given  on  page  668, 
are  only  exact  for  Paris,*  where  g  =  9.8096  ;  but  from  these  the 
weight  for  any  other  latitude  or  elevation  can  easily  be  calcu- 
lated by  [40]  and  [47].  The  weights  given  in  the  fifth  column 
of  Table  II.  were  calculated  for  the  latitude  of  the  Capitol  ^ 
Washington  (38**  53'  34'')  and  the  sea  level.  They  can  be  re- 
duced for  any  other  place  by  the  foUowing  formula,  easily  derived 
from  [212],  [40],  and  [47]  :  — 

1  _  0.00259  cos  2  A  ^-^lo^ 

w'  =  w -. ^-T-ir  ;  [213.] 

but  such  reduction  is  seldom  necessary. 

(330.)  Specific  Gravity  of  Gases,  —  It  is  usual  to  refer  the 
specific  gravity  of  gases  to  air,  as  a  standard  of  comparison^  in- 
stead of  water,  and  the  specific  gravity  of  a  gas  may  be  defined 
as  the  ratio  of  its  weight  to  that  of  an  equal  volume  of  dry  air, 
both  being  measured  at  0^  and  under  a  pressure  of  76  c.  m. 

Hegnaulfs  Method.  —  The  most  accarate  method  of  determining  the 
specific  gravity  of  a  gas  is  due  to  Regnault.  It  consists  in  determining 
with  the  apparatus  described  above  (329)  the  weight  of  the  given  gas 
which  a  large  glass  globe  will  contain  at  0°  and  76  c  m.,  and  then  divid- 
ing this  weiglit  by  that  of  an  equal  volume  of  air  previously  determined 
in  the  same  way.  This  method  requires  no  further  descriptioD,  as  the 
process  of  determining  the  weight  of  the  gas  has  already  been  given  ia 
detail.  It  admits  of  great  accuracy,  and  should  always  be  used  in  normal 
determinations. 

•  Tho  latitude  of  Ke^anlt's  laboratory,  at  Paris,  is  48^  dO'  14'',  and  tbe 

above  the  sea  level  about  60  metres. 
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n'$  Mflhod.  —  Wiicn,  however,  the  xtvy  gmttest  accaracy  ia  not 

^uirtd.  &«  in  tliH  invesiigaituns  u^uall^r  made  in  tlin  Inborator;  on  ga»- 

■  bodicfl,  tlteir  specific  j;nivit}r  ran  be  otiiained  ti;  dividing  the  weight 

I  tiie  (pu  l>y  the  neiKht  of  di«  Mune  voltime  of  drj  air  taken  «t  the 

me  teinpcmturt!  anil  under  the  eame  pressure.     This  ratio  is,  Blrictlj 

tklng,  liie  Npecific  gravity  only  when  the  gns  obeys  exactly  ibe  law  of 

iriotle,  and  has  [lie  tame  coefficient  of  ex]ia,n.°ion  as  air ;  but  it  is,  nev- 

keloAA,  in  most  eases  near  enongh  for  all  proetieal  purposes.     Bunsen's 

appliealionof  this  principle.     He  employs  for  delcnniniog 

\  Bpecdfic  gravity  of  a  gas,  &  common  ligbt  flask,  g,  Pig.  436.     The  vul- 


Flg.lM. 


i  of  this  fliisk  should  be  about  200  or  300  cubic  centimetres,  and  the 
I,  thickened  before  the  blowpipe,  should  be  drawn  out  m>  bs  Io  have 
KKperlure  of  the  tJiickiiet»  of  a  straw,  tnio  which  a  glass  stopper  is 
hind  uMight  by  means  of  emery  and  turpentine.  Through  tliis  neck, 
which  is  furnished  with  an  etched  scnlc  in  millimetres,  mercury  is  poured 
by  means  of  a  funnel  reaching  to  the  bottom  of  the  flask,  until  the  whole 
is  filled.  As  soon  as  this  is  accomplished,  the  flask  is  transferred,  with  its 
month  downwards,  into  the  mercury-trough  ^  ^,  and  gas  is  allowed  to 
enter,  until  the  level  of  mercury  in  the  neck  of  the  flask  stands  a  few 
millimetres  higher  than  in  the  trough.  In  order  to  prevent  the  gas  from 
becoming  mixed  with  air,  it  ia  evolved  from  as  small  n  vessel  as  possible, 
and  allowed  to  enter  the  fla-k  through  n  narrow  delivery  tube,  and  in  the 
moist  etale-t     The  gas  is  dried  in  tlic  flask  itself  by  a  small  piece  of  fused 


t*  ThUdBHTipiionu  ukrnfrom  Banicn'i  G»«ricB';{I'"~ 
J  tin  niDthix]  of  campnlinj;  di<>  nvulM. 
K  if  llw  gM  Bodot  nifliDinatiOT  eOttvAnm  liK'rcni7,  tlM  V- 
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chloride  of  caldum,  b,  which  has  preriously  been  made  to  ajtiaBM  m 
the  side  of  the  flask  by  bringing  it  into  contact  with  a  sitifi;le  drop  rf  mitt 
and  altematetj  headng  and  cooling  the  glaaa.  This  small  piece  of  chlo- 
ride of  calcium  seires  also  to  free  the  mercuiy  and  the  udee  of  the  fla^ 
from  all  adhering  moisture.  In  order  to  be  able  to  doee  the  flask  at  anj 
time  without  warming  it  with  the  hand,  the  little  lever  e/  is  emploj^ed. 
On  the  end  of  this  lever  the  stopper  is  so  fastened  in  a  cork,  that  it  panes 
into  the  neck  of  the  flask  without  closing  it ;  and  the  lever  is  held  in  its 
right  place  \>j  a  wedge,  d,  pushed  under  the  finger-plate  c.  As  aoon  u 
the  flask  has  attained  the  constant  temperature,  1,  of  the  laboratm;,*  the 
volume  t  of  the  gas,  V,  the  height  of  the  barometer,  Jft,  and  the  height,!^ 
of  the  column  of  mercury  in  the  neck  above  the  level  of  the  metal  in  the 
trougli,  are  carefully  observed.  It  is  now  necessary  to  determine  the 
wcigtit  of  this  volume  V.  For  this  purpose,  the  wedge  if  is  taken  away; 
the  flask  g  b  thereby  cloi>cd,  and  by  withdrawing  the  pin  e,  it  can  then  be 
removed,  together  with  the  lever  ef,  from  the  trough.  Having  discon- 
nected the  lever  frmn  the  stopper,  and  carefully  cleaned  the  exterior  suiftce 
of  the  flask,  it  is  then  weighed. 
Ijet  W  represent  this  weight,  jy, 
the  height  of  the  barometer,  and 
C  the  temperature  of  the  balance 
at  the  time.  The  glass  stopper 
is  now  removed,  and  replaced  by 
an  india-rubber  tube,  a.  Fig.  407, 
connected  with  a  drj-ing  lube,  i. 
The  apparatus  thus  arranged  is 
placed  under  the  receiver  of  in 
tur-pump,  and,  by  alternately  ei- 
Iiausting  and  admitting  the  air, 
the  gas  in  the  flask  is  replaced 
by  dry  air.  The  drying  appa- 
ratus is  then  disconnect e<l,  and 
the  flask  weighed  again.  Call 
this  weight  IJ''.  Since  the  air 
viji  MT.  has  free  access  both  to  the  inle- 

wav;  but  since  such  gaufi  aro  almost  invsrinblj  heavier  than  air,  it  can  be  filled  ht 
displappmciit.  The  tliuk  being  placed  in  an  apright  poailion,  and  the  dclivotv  tab« 
txlending  quite  to  the  bollom.  tlic  gaa  ta  allowed  to  flow  in  and  overflow  the  mouth 
nnljl  oil  the  nirhns  Itccn  cx[>cllcd.  Tho  lube  is  then  bIowI;  nitbdiawn,  the  flovof  gai 
nil!  ronlinnins,  and  tlie  mouth  of  the  flask  closed  by  iu  stopper. 

*  TlicM  experiment  should  be  rondaeted  in  a  ecllBr-^vom,  in  which  a  coDMsnt 
Icmperalure  can  be  maintained  for  Kvcral  hann. 

t  Before  using  the  flask,  it  ia  once  for  all  carefnilj  ealihratcd,  and  the  volnme  ram- 
■ponding  10  each  division  on  the  neck  itucribed  in  a  table,  which  ii  k^t  with  the  in- 
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rior  and  the  exterior  surface  of  the  flask,  it  is  erident  that  W  is  sim- 
ply the  weight  of  the  glass  of  the  vessel  and  of  the  small  amount  of 
mercury  and  chloride  of  calcium  which  it  contains,  less  tlio  weight  of 
air  which  these  materials  displace.  It  is  also  evident  that  W  must  be 
equal  to  W  increased  bj  the  weight  of  the  volume  of  gas,  K,  contained 
in  the  flask,  and  diminished  bj  the  weight  of  air  displaced  bj  this  volume 
of  gas  when  the  flask  was  weighed.  The  weight  of  the  gas  is,  then,  equal 
to  W—W  +  W";  in  which  W"  is  the  weight  of  V  cubic  centimetres 
of  dry  air  at  tf^  and  ff'o  c  m.,  calculated  by  [211].  To  obtain  the  specific 
gravity,  we  have  now  only  to  divide  the  weight  of  the  gas  by  the  weight 
of  an  equal  volume  of  air  measured  under  the  same  conditions  of  tt^mper" 
ature  and  pressure  at  which  the  gas  was  measured,  that  is,  at  f  and 
(/f^ — Ao)cm.  This  can  also  be  calculated  by  [211].  Representing 
then  this  last  weight  by  W*'',  we  have  for  calculating  the  specific  gravity 
the  three  following  equations :  — 


8p.Gr.=  ^-'^±»^. 


W' 


W"  =  0.0012921  V 


1      _     /f;^ 

1  -1-0.00366  e    •   '76  ' 


W"  =  0.0012921  V 


1  If, —A, 

l-|-iMX>3C6<    '  "■  76 


[214.] 


[215.] 


[210.] 


As  an  example  of  the  method  of  caU-ulation,  we  cite  the  folkiwing  from 
Bunsen's  work.  A  determination  of  the  ^pecrific  gravity  of  br^miide  of 
methyl  with  a  small  fl:i:»k  of  about  44  cTm.*  cajjodty,  fuminhed  the  fol- 
lowing data:  — 

ir  =7.04C5 gram.  //'.  =  74.21  cm.    r=42.19c:iii.»     I/.=74Me.nL 


OdnJatum  of  W"* 

(1  +  e'.ik)  ar.  CO.  9i^lK;2-> 

J5P,=  74.21  k>g.  1>5704C 

7C  ar.  ai.8.110l'J 

F  =  42.19  ]o^lM:»tl 

0/mrjZi    lo?.  7.iiic<; 

jr '  =  O/^oit^fJi       log.  >5.7 1 C77 

</  H'"  mU  H""  'M  U 
,  W  WMi  4/ TMr  XI V. 
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C<deMlaii<m  of  }¥'".• 

( 1  + 1  C'iJ  it)      ar.  00.  0/J74^>9 
IU—h^=  72.21       log.  IMHd/fi 

8.irJl9 
l.C2;#2l 
7.1 116^ 

W*^  =  OMHKV     )0>%.  HSMin 

]0^  'J.20I  10 
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(331.)  Specific  Gravity  of  Vapors*  —  As  will  appear  in  an- 
other, portion  of  this  work,  the  determination  of  the  specific 
gravity  of  vapors  is  one  of  the  most  important  processes  of  prac- 
tical chemistry.  We  always  make  the  determinations  at  a  tem- 
perature considerably  above  the  boiling-point  of  the  substance  ;t 
and  since  under  these  circumstances  a  vapor  lias  all  the  prop- 
erties of  a  gas  (292),  it  follows  that  its  specific  gravity  may  be 
foimd  by  dividing  its  weight  by  the  weight  of  an  equal  volume 
of  air  measured  under  the  same  conditions  of  temperature  and 
pressure.  The  method  of  determining  these  two  weights  usually 
followed  in  the  case  of  vapors  is  precisely  similar  to  that  used 
in  the  case  of  gases  and  described  in  the  last  section,  and  the 
same  formula  may  be  used  in  calculating  tlie  results.  It  dif- 
fers from  it  only  in  the  details  of  the  manipulation,  and  in  the 
fSsLCt  that,  on  account  of  the  high  temperature  to  which  the  vapor 
is  heated,  it  is  necessary  to  take  into  account  the  change  in  the 

*  We  use  the  term  vapor  here  in  its  ordinary  sense. 

t  The  number  of  degrees  above  the  boiling-point  at  which  a  rapor  first  acqnres 
fally  the  properties  of  a  permanent  gas  vaiies  very  greatly  with  ditierent  sabstiuiccs. 
Thus,  nnder  the  normal  pressure  of  the  air,  the  vapors  of  water  and  alcohol  obey  the 
law  of  Mariotte  at  a  temperature  only  a  few  degrees  above  their  boiling-points,  while 
the  vapor  of  sulphur  does  not  obey  the  law  until  heated  to  at  least  500^  above  its  boil- 
ing-point. Unless  the  experimenter  is  confident  in  regard  to  the  properties  of  the  sub- 
stance under  examination  in  this  respect,  it  is  best  to  make  two  determinations  of  the 
specific  gravity  at  temperatures  differing  by  twenty  or  thirty  degrees.  If  the  two  do 
not  agree  witliin  the  limit  of  error  of  the  method  employed,  it  is  an  indication  that  the 
temperature  is  not  sufficiently  high.  This  is  illustrated  by  the  experiments  of  Cahonn 
on  the  specific  gravity  of  the  vapor  of  monohydratcd  acetic  acid.  He  found  that  the 
specific  gravity  did  not  become  constant  until  the  temperature  rose  above  240^  C,  that 
is  120°  above  its  boiling-point.    The  following  table  contains  his  results  :  — 


Temp. 

8p.  Gr. 

125<=> 

3.180 

130 

3.105 

140 

2.907 

150 

2.727 

160 

2.604 

170 

2.480 

180 

2.438 

190 

2.378 

Temp. 

8p.  Or. 

200=> 

2  248 

220 

2.132 

240 

2.090 

27U 

2.088 

310 

2.085 

320 

2.083 

336 

2J083 

It  is  evident  that  a  determination  of  the  specific  gravity  of  the  rapor  of  acetic 
made  at  a  temperature  below  240°  would  have  given  too  large  a  result,  and  one  which 
would  have  been  the  more  erroneous  as  the  temperature  was  lower.  An  error  of  the 
same  kind,  made  in  the  determination  of  the  specific  gravity  of  the  rapor  of  sulphur, 
introduced  an  anomaly  into  the  simple  Uw  of  equivalent  volomet  which  has  only 
recently  been  explained. 
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eapaci^  of  the  vessel  used.  The  method  mtj  bo  best  oxplunod 
bf  an  example.  Suppose,  then,  that  ve  wish  to  ascortaiu  tlio 
q>eci&c  gravity  of  alcohol  vapor. 

We  take  alight  glass  globe  having  a  capacitj  of  from. 300  lofiOO  c^.*, 
and  draw  the  neck  out  in  the  Hame  of  a  bliut  lamp,  bo  as  to  leave  oniy  a 
fine  opening,  as  shown  in  Fig.  458  at  a.  Wo  then  weigh  the  globe,  which 
gives  us  the  weight  W  of  [214].  The 
'  second  step  is  to  ascertain  the  weight  of 
the  globe  filled  with  alcohol  va[>or  at  a 
known  temperature  and  under  a  knowD 
pressure.  For  this  .puqKMw,  wo  inlroduca 
into  the  globe  a  few  grammes  of  pure 
alcohol,  and  mount  it  on  tlw  support  rep- 
resented in  the  figure.  Hy  loosening  tho 
screw,  r,  we  next  sink  the  balloon  beneath 
the  oil  contained  in  tlie  iron  veuwl,  V, 
and  secure  it  in  this  position.  Wo  now 
slowly  raise  the  tempcnUure  of  the  oil  to 
between  300*  and  400°,  which  we  ob»crve 
bymeanaof  ihethermometer,  T.  The  alcohol  changes  to  vapor  and  drivoa 
oat  the  air,  which,  with  the  excess  of  vapor,  escapes  at  a.  When  the  liath 
has  attained  the  requi.tite  temperature,  we  cloiie  the  ofxining  a  hy  cud' 
dealj  melting  the  end  of  the  lube  at  a  hj  means  of  a  mouth  blowpifin,  and 
as  nearly  as  possible  at  the  same  moment  oinerve  the  bim|wnUure  of  the 
bath  and  the  height  of  the  barometer.  We  have  now  the  globe  filled  with  at- 
cobol  vapor  at  a  known  Itrmpcratnre  and  under  a  known  prramurc,  Hinee 
it  is  bermetically  sealed,  its  weight  cannot  change,  and  we  can  therefore 
allow  it  to  cool,  clean  it,  and  weigh  it  at  our  leixare.  This  will  {(ire  u*  the 
weight  frf*  the  globe  filled  with  almliol  rafior  at  a  lemjieratiire  (  and  umler 
a  pressure  /£  This  Lt  the  wfrigbt  H'  (^[:il4].  We  aUt  nolir/:  tlte  hKi|^ 
of  ibe  barometer  ff'  and  the  b-mperaiure  of  tlte  ItalannwqiM!  ('  during  this 
•ecottd  we^hing,  and  when  we  have  meaiior<rd  llie  cafia/Tilj  of  tl»«  gbib« 
f^  we  can  eauilr  calculate  hj  [H-i']  the  value  of  W".  Knowing.  iMfW 
W—  W-  -\-  IT",  Ibe  weight  <>f  aliiAwA  vapor  whieh  Ailed  lU  gMM  at  f 
and  under  a  pntiviiTe  H  t.  m.,  (hn  next  (Ir^i  U  lo  Bnfl  W'",  tl*K  wei)(hl  r<f  aa 
eqoal  volnmeof  air  under  the  Muaee>mdili'inii(/ieTnp«raiiire  and  [ireMtire. 
By  (241)  tbe  volmne  of  the  gV^  at  the  temfi>-nUnr«  (  wa«  V(\  -f-  K(), 
■od  br  «ahMitming  this  in  [21  Gjf  ^^  Kf^  ■*  "w-*;  oiitf^  A,  =::  <>, 


W"  =  f>.nf)\nZ2  V<\  -\-Kt) 


I  //, 

I  +  ItJMmtt    '    f&  ' 


i2U.] 
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to  find  the  capacity  of  tbe  globe,  which,  although  we  hare  supposed  i 
known,  is  not  actually  ascertained  experimentally  until  the  end  of  the 
process.  For  this  purpose  we  break  off  the  tip  of  the  tube  a  under  mer- 
cury, which,  if  the  experiment  has  been  carefully  conducted,  rushes  in 
and  fills  the  globe  completely.  We  then  empty  this  mercury  into  a  caie- 
fuUy  graduated  glass  cylinder,  and  read  off  the  volume.  We  have  now 
all  the  data  for  calculating  the  specific  gravity,  and  the  calculation  maybe 
conducted  precisely  as  on  page  673,  only  substituting  [217]  for  [216]. 

We  have  assumed  that  the  vapor  expelled  all  the  air  ih>m  the  globe, 
and  hence  that  the  globe  filled  completely  with  mercury  on  breaking  the 
tip  end  of  the  neck.  This,  however,  is  rarely  the  case ;  there  is  almost 
always  left  in  the  globe  a  bubble  of  air,  and  sometimes  the  volume 
of  air  remaining  is  quite  considerable.  In  such  cases,  however,  we  ooay 
still  obtain  approximatively  accurate  results ;  it  is  only  necessary  to  decant 
the  air  into  a  graduated  bell  over  a  pneumatic  trough,  and  measure  ex- 
actly its  volume,  r,  at  an  observed  temperature,  t*\  and  under  a  pressure 
ti  H".  Its  weight,  ?Fj,  can  now  be  calculated  by  [215],  and  from  this 
weight  we  readily  deduce  the  weight  of  vapor  which  the  globe  contained 
at  the  moment  of  closing  its  orifice  ;  this  weight  of  vapor  was  evidendy 
W—  W  +  W"  —  ?r,.  The  volume  which  the  small  amount  of  air  left  in 
the  globe  occupied  at  the  moment  of  closing  the  orifice  (that  is,  at  ^ 
and  jH  c  m.)  can  also  be  calculated  from  the  formula, 

1  +  0.0036G«         H", 

l-f0.003G6<"   •    H^'  L'^^'J 

which  can  readily  be  deduced  from  [98]  and  [184].  The  volume  of  the 
balloon  at  this  time  was,  as  we  have  seen,  V{\  -\-Kt),  Hence  the  vol- 
ume of  the  vapor  must  have  been  V {\  -\-Kt)  —  v'.  Substituting  this 
value  for  V(\  -f-^'O  '^  [^17],  we  get  for  the  weight  of  the  vapor  in  the 
globe  at  the  time  of  closing, 

r,  =  0.0012932  [  F(l  +  Kt)  -  r']  _.^.--  .  f^ ;     [219.] 

and  for  the  specific  gravity, 

Sp.  Gr.   W-W^^::-W,  ^220.] 

The  results  which  are  thus  obtained  are  not,  however,  perfectly  trustwor- 
thy, and  it  is  always  best  to  avoid  these  corrections  by  so  conducting  the 
experiments  that  only  a  very  small  amount  of  air  at  most  shall  be  left  in 
the  globe.  This  end  is  secured  by  adapting  the  size  of  the  globe  to  the 
quantity  of  liquid  which  is  available  for  the  determination. 

In  calculating  the  specific  gravity  of  a  vapor  from  the  observed  data,  we 
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ist  he  TAroAil.  in  iho  first  pl&ce,  to  rediira  all  the  bammptric  liojglils  to 

by  Taliiti  Will.     In  the  ReconU  [iluce,  the  lempirmlitrv  of  the  bath,  a» 

licaW  by  Ilie  luercury-thennometer,  uuist  bu  corrpcted  for  thn  part  not 

lerscd  [!<''!]•  ^><1  ihe  corroded  t<-ni[>eratur«  rpdiict^  by  ihu  tnbb  on 

4r39  to  tho  tmo  temperature.     When  great  accuauj  is  n-qiiired,  it  'n 

)t  to  measure  the  tempersiurc  of  the  both  directly  with  an  air-iherntooio- 

ler.    This  is  iminened  in  tbe  oil  at  thi?  side  of  tiie  globr,  and  [Itc  oriflcps  of 

both  thermometer  and  globe  are  closed  at  tbe  same  time  (3G4).     In  nom- 

putiug  tlio  results,  we  use  the  formuk  [ISO],  and  witlmut  nctuAJly  ciUcu- 

Ing  the  temperature,  eubstilute  the  value  of  rT^n,^i,^rf  •"  [217J- 

We  Iiave  assumed  that  the  baih  in  whi^h  Uie  glnln!  is  healed  It  (illcd 

with  a  fixed  oil,  which  is  the  most  conirctiieiit  liquid  if  the  Iem|>ontlure 

iv«|nired  does  not  exceed  250'.     When  healed  above  this  temperature, 

the  fnt  oila  emit  yf.ry  disajirecable  vapors  ;  and  for  tempi-mturr^  bntwocQ 

\60'  und  500°  it  is  netwsiiary  to  fill  the  bnth  with  soma  easily  fusible 

AS  Rose's  metal  or  soft  solder.     Tho  presaun!  uxerl«l  by  tho 

tal  is  necessarily  very  ^rreat,  and  tends  1o  deform  llie  glolie, 

that  we   are   obliged  to  aliandon   ibis  method  of  experimenting  as 

the  glass  begins  to  eoficn,  which  takes  place  a  tittle  «bov«  50(>*. 

slightly  modifying  the  apparatus,  however,  Uugnault  lina  been  able  to 

lain  accurate  results  at  temperatures  as  high  as  600*  or  GoO'.     Illfl 

lod,  which  is  only  used  for  substances  which  boil  at  a  very  high  tem- 

iture,  is  as  follows. 

Tbe  volatile  substance  is  introduced  into  the  rylin<lrir«1  reservoir  a'  (* 

'Ig.  459)  of  tbe  lube  a"  d,  whifh  is  made  of  the  most  infUilblo  ^aaii,  and 

ipporlod  in  an  iron  frames  m  m'  rn",  at  the  side  of  a  Hlmilar  lube,  a  h. 

last  tnbe,  which  may  l>e  closed  by  the  Hopcoek  r,  servos  as  an  air- 


wibermometer.  T)ie  two  tubes  are  heated  together  in  an  air-balli,  maile,  as 
represented  in  Fig.  460,  of  two  or  thrw  eoncciitric  cylinders  of  •bent-iron 
enclosed  in  on  outer  cylindricnl  oa>e  of  caot-inm.  Tint  fnmin  m  m"  llta 
the  inner  cylinder^yA  i',  nod  when  in  phu^o  the  mrtallio  diik  tit"  n"  Junt 
closes  its  mouth,yi,  liuiving  the  endi  of  the  two  tubus  jirojocting  in  IWmt 
of  the  hatli.  Tliis  appuratui  \»  hi-ated  in  a  hoHointiU  poailion  on  a  ti^mi- 
cjUndrical  grate,  and  mi  orrungod  that  it  can  bn  oumiundeil  with  burning 

~  Tlie  temperature  is  Unit  rapidly  niu^A  \  but  after  tlio  rohitiln  >ut>- 

\  hai)  dlsliUcd  over  and  ibit  exvat  llMAHflferihH|d  }n  thu  oubt  por- 

n  of  the  tube  f/d,iM  tiimperalunt  U  ll 
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the  glass  eoflene,  the  process  is  arrested  by  dosing  (he  stopcock  of  the  ^ 
thermometer  and  withdrawing  the  frame  with  its  two  tubes  Iraiii  the  batL 
We  now  determiDQ  the  temperature  to  which  the  tubes  were  beUed,  b; 


n«  (60. 


the  method  already  desciibcd  in  detail  (2G5),  "We  next  ascertain  the 
weight  of  vapor  wliiuh  was  cont^ned  in  the  reserroir  of  y  at  the  moment 
of  withdrawing  the  tube  from  the  air-bftth.  For  this  purpose  we  remove 
the  excess  of  the  substance  which  condensed  in  the  part  of  the  tube  e'd, 
and  then  weigli  the  whole  tube,  first  with  the  substance  it  contains,  and 
secondly  ailer  the  substance  has  been  removed.  The  difference  of  these 
weights  is  the  weight  of  the  vapor  which  filled  the  reservoir  a'lf  &  at  a 
known  temperature  and  pressure.  Lastly,  to  find  the  volume  of  the  res- 
ervoir, we  determine  the  weight  of  wnter  which  fills  it  at  a  known  temper- 
ature ;  and  we  then  have  all  the  data  for  calculating  the  specific  gravity 
of  the  vapor.  The  formulie  already  given  may  be  easily  modified  for 
the  purpose.  If  the  substance  under  examiimiion  absorbs  oxygen  at  a 
high  temperaluro,  it  i*  best  to  fill  the  whole  tube  n'  d  with  nitrogen,  and 
to  adapt  with  a  cork  to  the  open  end  a  small  lube  drawn  to  a  point. 

The  Ui?e  of  the  air-thermometer  (which  involves  n  great  exjiendilure  rf 
time)  in  the  determination  of  the  specific  gravity  of  vapors  of  substances 
which  lioil  at  a  high  temperature,  is  avoided  in  another  modification  of  the 
general  niclhod  proimsed  by  Deville  and  Troosl.  Tlicy  ui^!  a  ghiss  bal- 
loon, and  heat  it  in  an  atmosphere  of  vapor  rising  from  lulling  mercury  or 
sulphur.  Tlie  temj)erature  of  these  vapors  is  so  constant,  that  it  is  not 
necessary  to  use  a  thermometer, — iliat  of  the  first  at  350°,  and  that  of  the 
second  at  ■140°.  For  still  higher  temperatures  they  use  a  balloon  of  porce- 
lain, which  is  heated  hi  the  vapor  of  boiling  cadmium  (860°)  or  boiling 
zinc  (1040°) ;  but  for  the  details  of  the  apparatus  and  of  the  method,  we 
lOMfl  refer  to  the  original  papers.* 

Method  of  Gay-Lussac.  —  The  method  of  determining  the  Fpeeific 
pravity  of  vnjwrs  just  described  is  liable  to  one  very  serious  source 
of  error.  In  order  to  insure  that  all  the  air  will  be  expelled  from 
the  globe,  it  is  necessary  to  use  a  considerable  amount  of  liquid ;  and 
it  is  evident  that  any  impurity  which  this  liquid  may  contain  will  be 
led  behind  in  the  globe,  and  tend  to  falsify  the  weight.     This  source  of 

•  Comptcs  Rcndiu,  Tom.  SLV.  p.  831  ;  also  Tom.  XLIX.  p.  !39. 
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error  is  entirelj  avoided  by  a  method  inrented  bj  Gajr-Ltusact  bnt 
unfortunately  the  method  is  applicable  only  to  liquids  which  boil  at  a 
comparatively  low  temperature.  It  consists  in  measuring  with  accu- 
racy tbe  volume  of  vapor  formed  by  a  known 
weight  of  liquid.  The  liquid  is  first  enclosed  in 
a  very  thin  glass  bulb,  A,  Fig.  461,  which  is  her- 
metically sealed,  and  the  weight  of  the  liquid  is 
detenntned  by  weighing  the  bulb  both  before  and 
aAer  it  has  been  filled.  This  bulb  is  then  passed 
up  into  a  graduated  bell-glass,  C,  filled  wilh  mci^ 
cuty,  and  standing  in  an  iron  basin  also  partly 
filled  with  the  same  liquid.  Around  the  bell  is 
placed  a  glass  cylinder,  whose  lowrr  end,  resting 
in  the  mercuiy  contained  in  the  basin,  is  com- 
pletely closed.  This  cylinder  b  filled  with  water, 
and  the  apparatus  thus  arranged  is  mounted  on 
a  charcoal  furnace.  The  glass  bulb  is  soon 
broken  by  the  expansion  of  the  liquid,  and 
when  the  temperature  is  sufficiently  elevated  tbe 
liquid  chaniics  into  v^x>r,  which  depresses  the 
mercury-column.  The  heat  is  still  increased 
until  the  water  in  the  cylinder  boib,  when  the 
bubbles  of  vapor  rising  through  the  liquid  estab- 
lish a  uniform  temperature  of  IW  throughout 
tbe  whole  mass.  We  then  observe  accurately  the 
volumeofthevaporandthepressure  towhichit  is  '" 

exposed.  To  obtain  the  la^t,  we  subtract  frum  the  height  of  the  ljarfimet«r, 
fft,  the  difference  of  kvel  between  tbe  surface  of  the  mercury  in  thf:  ImmIo 
and  that  in  tbe  beU.  This  diffemice  c^  level  is  meaKUrol  by  a  calli^tum- 
eter  with  the  aid  of  tbe  level ling-«cr*-w  r.  Gmipare  (l-t'J).  With  tbeM 
data  we  can  easily  calculate  the  speiHfic  gniviiy.  We  r^lace,  ffmt,  the 
volinne  of  tbe  vapor  to  fr*  and  Tfie,  m.  by  [lOn]  and  [I'fTJ,  and  we  then 
cakohUe  the  specific  gravity  by  [.!».';]  and  [.5*1].  Fnr  the  difrt^r^fnt  pm- 
cantiaiis  required  in  this  prucew,  and  f'lr  ttie  *\iifht  rarialii'ins  rnqnir^ 
under  different  drcnm<tanm<,  ilw>  ntudent  i*  nrfefT>«l  to  Ikgnault'i  Ele- 
ments of  CbeniHtry,  American  editir^n.  Vol  U.  [t  4fA. 

(S32.)  Volumes  of  OatHM.  —  In  orut^ffn'-.M't  of  th«  vwf  nnall 
density  of  gaa«,  thftir  Toiarac?!  can  ht;  ^elcmiin*!^  mtuth  mf>n 
accurately  by  vanaann  than  ifj  weiirfit.  TiiH  rnKtuurf^mitiit  of  th« 
rdome  of  a  fan  i*  efT'ict'^I  itt  KiiAUnatU-.n,  m  (rradiub^'J  tntfi^, 
Fig.  4^2.  which  are  (r^n<irally  tifmt  2  c.  m.  io  dmtatUr 
25  c.  m.  to  do  e.  m.  long.    Tbne  tnlxM  are  frequeotli 
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into  cubic  centimetreB,  bat  it  is  more  accnr^te  to  divide  Hum 
into  millimetres  and  to  determine  afterwards  the  corresponding 
volumes  by  calibration.  The  graduation  is  easily  made,  irith  the 
dividing  macbiue  before  described,  on  a  thin  coating  of  wu 


spread  over  the  surface  of  the  tube,  and  Uie  divisions  are  afteiv 
wards  etched  with  hydrofluoric  acid.  The  tube  is  then  cahbrated 
by  pouring  into  it  repeatedly  the  same  measured  qiiantity  of 
mercury  through  a  long  funnel,  and  after  each  addition  accu- 
rately notinjr  the  division  to  which  it  rises  in  the  tulie.  From 
these  data  it  is  easy  to  calculate  the  volume  corresponding  to 
each  graduation  ;  and  a  table  is  then  prepared,  from  which  these 
volumes  can  be  subsequently  ascertained  by  inspection.  The 
measurements  of  gases  are  best  performed  over  a  small  mercurial 
trough,  like  that  represented  in  Fig.  462,  which  was  contrived  by 
Bunsen,  and  is  admirably  adapted  to  the  purpose.  The  trough  has 
two  transparent  sides  of  plate-glass,  through  which  the  level  of  the 
mercury  is  easily  observed.  The  eudiometer  is  first  filled  with 
mercury  by  means  of  a  long  funnel  reaching  to  tlie  bottom  of  the 
tube ;  and  after  closing  its  mouth,  it  is  inverted  and  placed  in  the 
position  represented  in  the  figure,  when  the  gas  can  readily  be 
introduced  from  the  collecting  tubes.  When  practicable,  a  drop 
of  water  is  brought  into  the  head  of  the  eudiometer  before  fiUing 
it  with  mercury,  so  that  tlie  collected  gas  may  be  perfecfij  nte- 
rated  with  aqueous  vapor. 

Every  determination  of  the  volume  of  gases  i 
lowing  four  primary  observations  :  — 
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.  The  level  of  the  mercury  in  the  eudiomi!li?r. 
The  level  of  the  men.'iiry  in  the  trough  lueusured  on  the  etched 

divUions  of  the  eudiometer. 
The  height  of  llio  barometer. 
The  temperature. 

I©  eudiometer  is  first  brought  to  a  perpendicular  position  by 
lana  of  a  pliinib-liiio,  and  the  obserTattoiis  arc  ilicii  made  by  the 
Ip  of  a  small  telescope  placed  at  a  dlslanco  of  from  sis  to  eleven 
The  axis  of  the  telescope  is  brought  to  a  horizontal  posi- 
and  all  error  from  parallax  thus  avoidcil.  It  is  unneces- 
to  add,  tliat  the  heights  of  the  mercury  columns  must  always 
read  otT  at  the  highest  point  of  the  meniscus. 
The  observed  volumes  of  gas  arc  reduced  by  calculation  to  the 
volumes  in  a  dry  state  at  0°  and  under  a  pressure  of  7C  c.  m.  by 
.us  of  the  equation 


H^ieai 


(1  -j-  O.OOSCti  0  76 
which  is  easily  obtained  from  [107],  [184],  and  [20-3].     The 
following  measurements,   by  Bunscn,  of  a  volume  of  air  eat^ 
urated  with   aqueous  vapor,  may  serve  as   an  example  of  tlie 
[dilation  :  — 


^fttlciilatioi 
^Kempcralui 
^Ixiwer  leve 


!  of  the 


20°  .2 


iwer  level  of  mercury. 

Difference  of  level, 
iuced  height  Ag, 


56.JD 
ai.73 
2-1.86 
2i,78 


74.1111 
0.25 

1.7G 


Fleight  of  baromcli-r. 
Correction  for  tempcralt 
Reduced  height  N,, 
Tension  of  vapor,  ^ 
H,—  k,  —  ^,  47.90 

The  diviskm  317.<^  corresponds  to  a  volume  by  (able  of      292.7 

Correction  for  meniscus, 0,4 

The  corrected  volume  I", 293.1 

P log.  2.4G701 

Jf,  —  h,  —  ^       ....     log.  1.G8033 
(1  -I-  0.003660  liy  Tnble  XI^  .     ar.  ec.  9.96902 

76, ar.  CO.  8.11919 

Reduced  volume  V=:  172.01,  .        log.  2.23555 
ur  the  practical  detaOfl  of  tbe  methods  conuected  with  the 
ipuUtion  aud.  j|i|M|H|l|^^  gases,  we  would  refer  the 

lijih   '  -'1  all  these 

■J  by  any  of 
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PROBLEMS. 

Hygrometry. 

878.  A  glass  globe,  having  been  filled  at  (f  and  76  c  m.  partly  widi 
air  and  partly  with  water,  and  afterwards  sealed,  is  heated  to  100^.  Be* 
quired  the  pressure  exerted  on  the  interior  surface  of  the  vessel,  provided 
that  there  is  an  excess  of  water  left  in  the  globe. 

879.  What  would  be  the  pressure,  if  ether  were  used  in  the  last  ex- 
ample instead  of  water  ? 

880.  Into  a  vacuous  vessel,  whose  capacity  equals  2.02  litres,  there 
were  introduced  one  litre  of  dry  air  and  sufficient  water  to  leave  after 
evaporation  20  cfm.'  in  the  liquid  state.  Required  the  tensicm  of  the 
mixture  of  air  and  vapor  in  the  interior  of  the  vessel  at  50®. 

881.  A  given  quantity  of  dry  air 'Weighs  5.2  grammes  at  0®  and  76 
c.  m.  pressure.  What  would  be  its  volume  at  80®  and  77  c.  m.  pressure 
when  saturated  with  vapor  ? 

882.  What  is  the  weight  of  a  cubic  metre  of  air  at  80®  and  77  c.  m. 
pressure  ?    The  relative  humidity  of  the  air  is  assumed  to  be  0.75. 

888.  The  volumes  of  air  given  in  the  table  below  were  measured  when 
saturated  with  vapor  at  the  temperatures  and  pressures  annexed.    It  is 
required  to  reduce  these  volumes  to  what  they  would  have  been  at  0®  and  * 
76  c  m.  pressure,  bad  the  gas  been  perfectly  dry. 

1.  250  c~S:'    n  =  75.6  cm.    <  «  15°.      4.    500  JT"^    H  =  76.3  c  m.  <  ==    30®. 

2.  120     "         //=25.4    "        <  =  20O. 

3.  75     "        7/=    5.6    "        t  ^  lOO. 

384.  The  volumes  of  air  given  in  the  following  table  were  measured 
at  0°  and  76  c  m.  pressure  when  perfectly  dry.  It  is  required  to  deter- 
mine what  would  have  been  the  volume  at  the  temperature  and  pressure 
annexed  were  the  gas  saturated  with  moisture. 


5. 

725     " 

H=^    5.6    " 

t  =     20O. 

6. 

340     " 

//  =  78       " 

t  =-200. 

1.  200  cTS?    IT  =  75.4  c.  m.    r=    15®. 

2.  500    "        H^  45.5    "        t  =    10°. 

3.  25    "        IT=  15.8    "       /  =    130. 


4.  75  r^.*     n  =  77.2  cm.  /  =    -10®. 

5.  60     "        /7  =  80.2    "      t  =»      -40. 
6.140    "        ^=794    "      <  =-    -100. 


385.  In  the  following  problems  are  given,  first,  the  temperature  of  the 
atmosphere,  f  ;  secondly,  the  dew-point,  <'®.  It  is  required  to  determine 
in  each  case  the  relative  humidity  of  the  atmosphere  and  the  weight  of 
vapor  in  one  cubic  metre. 


1.  (  =  30°   f' =  180. 

2.  JL  =  20°  V  =  11°. 

3.  t  =  50  V  ^   0°. 


4.  t  =  30O  t'  =  28°. 

5.  t  =  250  t'  =  200. 

6.  t  =-  10®  t'  =  6°. 


7.  <  =  0®   r*  =»  -40. 

8.  <  =  6°   t'  =-100. 

9.  <  «  410   f'  —  39®. 


886.  In  the  following  problems  are  given,  first,  the  temperature  of  the 
dry-bulb  thermometer ;  secondly,  that  of  the  wet-bulb.  Bequired  in  each 
case  the  relative  humidity  of  the  air. 
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1. 

f- SQO 

C  -  280. 

4.  <  «  280 

if  -  260.7. 

7.  <  —  00  «'  —  -30. 

s. 

£  =  80O 

<'  -  120. 

5.  <  =  150 

C-I20J. 

8.  1  —  -50  1'  -»  -80. 

3. 

<  =  10<» 

<'-  2<». 

6.  t  —  120 

i'-  8<». 

9.  t  =  -200  i'  —  -200^. 

387.  Assuming  that  the  air  is  four  fifths  saturated  with  aqueous  vapor 
at  the  temperature  of  20^,  how  much  water  would  fall  from  each  cubic 
metre  if  the  temperature  suddenly  fell  to  11^  ? 

388.  When  the  temperature  of  the  air  was  30^,  the  dew-point  was 
observed  to  be  at  28^ ;  the  temperature  of  the  air  suddenly  fell  to  20^. 
How  much  rain  would  fall  on  a  square  kilometre  from  a  height  of  200 
metres,  assuming  that  the  atmosphere  were  of  uniform  density  and  hy- 
grometric  condition  throughout  the  whole  height  ? 

Sources  of  Heat, 

389.  How  much  wood  charcoal  must  be  burnt  in  order  to  evaporate  50 
kilogrammes  of  water,  assuming  that  the  water  is  already  at  the  boiling- 
point,  and  that  all  the  heat  evolved  is  economized  in  the  process  ? 

390.  How  much  alcohol  must  be  burnt  in  order  to  melt  5  kilogrammes 
of  sulphur,  assuming  that  the  sulphur  is  already  at  the  melting-point,  and 
that  the  heat  is  all  economized  ? 

391.  How  much  coke  would  be  required  to  raise  the  temperature  of 
the  air  of  a  room  measuring  6  m.  X  7  m.  X  3.5  from  5^  to  25^,  assuming 
that  none  of  the  heat  evolved  was  lost  ? 

392.  How  many  cubic  metres  of  illuminating  gas  (marsh  gas)  must  be 
burnt  to  raise  the  temperature  of  40  kilogrammes  of  water  from  0**  to 
100^  ?    How  much,  in  order  to  convert  the  water  into  steam  ? 

Conduction  of  Heat 

393.  It  is  required  to  make  a  copper  boiler  by  which  100  kilogrammes 
<^  water  may  be  evaporated  each  hour.  What  must  be  the  extent  of 
boiler  surface,  assuming  that  the  thickness  of  the  copper  is  2  m.  m.,  and 
that  the  difference  of  temperature  between  the  two  surfaces  of  the  copper 
plate  is  lO""  ? 

394.  If  the  boiler  were  made  of  iron  5  m.  m.  thick,  what  must  be  the 
extent  of  the  boiler  surface  ? 

WEIGHING  AND   MEASURING. 

Specific  Gravity  of  Solids. 

395.  The  specific  gravity  of  zinc  was  found  to  be  7.1582  when  the 
temperature  of  the  water  was  15^.  What  would  have  been  the  specific 
gravity  at  4®  ? 

396.  The  specific  gravity  of  antimony  was  foond  to  be  6.681  when  the 
temperature  of  the  water  was  15^  Wliat  wqald  have  been  the  specific 
gravity  at  4^  ? 
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897.  The  specific  gravity  of  an  alloy  of  zinc  and  antimony  was  found 
from  the  following  data :  — 

Weight  of  the  alloy, 4.4106  gimmmet. 

"  "      specific-gravity  bottle,        .        .        .  9X>560        " 

"  "  "  "      full  of  water  at  40,  19X>910        " 

"  "      bottle,  alloy,  and  water  at  U^.B,  22.8035        <* 

398.  Find  the  specific  gravity  of  metallic  zinc  from  the  following 

data  :  — 

Weight  of  the  zinc, 12.4145  gramiiMi. 

"  "      bottle 9.0560        ** 

*^         "         "      full  of  water  at  I80,     .        .        .  19X)790        " 

"  "         "      line  and  water  at  120.4,  .  29.7663        " 

Volume  of  Solids, 

399.  Grold-leaf  is  made  as  thin  as  one  ten-thousandth  of  a  inillimetie. 
How  great  a  surface  could  be  covered  with  10  grammes  of  such  leaf? 

400.  A  cylinder  of  iron  weighing  21  kilogranmies  is  2.5  m.  high.  Whit 
is  its  diameter  ? 

401.  The  base  of  the  grand  pyramid  of  Egypt  measured  23.48  m.  on 
each  side ;  its  original  height  was  146.18  m.  Required  its  weight,  as- 
suming that  it  was  solid,  and  that  the  stone  of  which  it  is  constructed  has 
a  Sp.  Gr.  =  2.75. 

402.  Required  the  price  of  an  iron  pipe,  knowing  that  its  interior  di- 
ameter is  equal  to  0.254m.,  that  its  thickness  equals  0.014  m.  and  its 
length  213.4  m.  The  specific  gravity  of  cast-iron  is  7.207,  and  its  price 
4  cents  a  pound. 

403.  A  silver  wire  1.5  m.  m.  in  diameter  weighs  3.2875  grammes.  It 
is  required  to  cover  it  with  a  coating  of  gold  0.4  m.  m.  in  thickness. 
What  will  be  the  weight  of  the  gold  ? 

Volume  of  Liquids. 

404.  What  is  the  volume  of  40  kilogrammes  of  mercury  at  100'  ?  If 
the  liquid  is  contained  in  a  cylindrical  vessel  6  c.  m.  in  diameter,  how  high 
would  it  stand  above  the  horizontal  base  ? 

405.  A  glass  flask  with  a  narrow  neck  was  weighed  full  of  mercury  at 
the  temperature  of  10**,  and  found  to  weigh  560.234  grammes.  The  flask 
itself  weighed  84.374  grammes.     Required  the  volume  of  the  flask. 

406.  Calculate  the  volume  at  0**  of  the  globe  employed  by  Regnault  in 
determining  the  absolute  weight  of  one  litre  of  air  and  of  other  gases  finom 
the  following  data  (see  Fig.  454)  :  — 

Weight  of  the  glass  globe  at  AP.2  and  75.789  cm.,        .    .        .        .1 ,258  55  gmn. 

"  "  "  after  having  been  filled  with  water  at  0<»,  .      11,126.05    " 

Temperature  of  thp  chamber  at  the  time  of  weighing,        ...  6<> 

Height  of  the  barometer  at  the  same  time, 76.177  cm. 

Ans.  9,881.06  Zrm} 
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Weight  of  Gases. 

407.  Calculate  the  weight  of  one  litre  of  dry  air  at  0^  and  76  c  m. 
from  the  following  determination  bj  Rcgnault  (329).  The  globe  used 
was  the  same  as  in  the  last  example. 

Ghbe/uU  of  Air  ami  iurrmmded  2y  Ice, 

Height  of  barometer  at  the  tune  of  closing  the  stopcock,  .    76.1 1 9  c  m. 

Weiglit  added  to  globe  to  equipoise  it  in  balance  (Fig.  858),  1.4S7  gram. 

(7/060  exhautUd  of  Air  and  wrrounded  bjf  Ice. 
Tension  of  air  remaining  in  globe  as  indicated  by  the  manometer  at 

the  moment  of  closing  the  stopcock, 0.843  c.  m. 

Weight  required  for  equipoise, 14.141  gram. 

Ans.  12.7744  gram. 

408.  Calculate  the  weight  of  one  litre  each  of  hydrogen  and  cartionic 
add  at  0^  and  76  c  m.  ffom  the  following  determinations  of  Rcgnault 
The  data  are  given  in  the  same  order  as  in  the  last  problem. 

Hydrogen,  CarUmie  Acid. 

Globe  full  of  gas,    //j    »  75.616    c.  m.  Globe  full  of  gas,  //e    »>  76.304    c.  m. 

Wf  »  13.301    gram.  W  «    0.6335  gram. 

Gtobe  exhausted,     ho     »    0^40   cm.  Globe  exhausted,   Ae    «    0.157    cm. 

IF"  =  14.1785  gram.  FK"  =  80.21 1    gram. 

Ans.  0.88591  gram.  Ans.  19.5397  graoL 

409.  Reduce  the  weights  obtained  from  the  last  two  problems  to  the 
latitude  of  45''  and  the  sea-leveL     See  page  670. 

410.  Reduce  the  weights  to  what  they  would  be  at  Quito.  Latitude, 
0*  13'J5.     Elevation  above  sea-level,  2,908  metres. 

411.  In  the  following  table  are  given,  first,  the  volume  of  the  gas ; 

secondly,  the  pressure  to  which  it  is  exposed ;  thirdly,  itn  temfierature. 

Assuming  tliat  the  gas  is  saturated  with  vapor  of  water,  it  is  required  to 

calculate  the  weight  in  each  case. 

r.  H.  i. 

Air, '.  «45rS7  76.12  cm.  130. 

Hjdrogen, 564  "  64.32  "  I20. 

Carbonic  Acid 202  "  45.20  "  40. 

Chlorine, 50  "  75.89  "  30o. 

Protoxide  of  NiUDgcn,                         .  465  "  66.23  "  S<». 

Steam, 500  "  76.54  "  2I.30. 

Alcohol  Vapor,    .                 •        .          1,500  "  54.22  "  152<>. 

Ether  Vapor, 250  "  75.20  "  lOO©. 

412.  A  glass  globe  weighed,  when  open  to  the  air,  225.169  grammes; 
fined  with  water  at  the  temperature  of  0",  it  weighed  785.169  grammes. 
Required  the  weight  of  air  which  the  globe  would  eomain  al  300"  and 
under  a  pressure  of  77  c.  m. 

413.  What  is  the  weight  of  one  cubic  metre  of  tr  ■ 
maximimi  tension  at  the  following  temperatorea :   Ifl 

and  250"? 

58 
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414.  What  is  the  weight  of  the  vapor  contained  in  one  cubic  metre  of 
the  atmosphere  under  the  conditions  given  in  problem  385  ? 

Specific  Gravity  of  Ga$e9  and  Vapors, 

415.  Calculate  the  specific  gravity  of  hydrogen  and  carbonic  add  at 
(f  from  the  data  given  in  problems  407,  408,  and  409. 

416.  Ascertain  the  specific  gravity  of  alcohol  vapor  from  the  foUowing 
data:  — 

Weight  of  glass  globe,  IT', 50.8039  grammei. 

Height  of  barometer,  H\ 74.754    c.  m. 

Temperature,  t', 18°. 

Weight  of  globe  and  vapor,  W^        ....  50.8245  grammes. 

Height  of  barometer,  27, 74.764    c.  m. 

Temperature,  <, 167°. 

Volume,  F, 351.5      cTm? 

417.  Ascertain  the  specific  gravity  of  camphor  vapor  from  the  follow- 
ing data :  — 

Weight  of  glass  globe,  PF', 50.1342  grammes. 

Height  of  barometer, /7', 74.2        cm. 

Temperature,  t\ 130.5. 

Weight  of  globe  and  vapor,  TT,        .        .        .        .  50.8422  grammes. 

Height  of  barometer,  JET, 74.2       c.  m. 

Temperature,  <, 244°. 


Volume,  F, 295 


e.  lb 


'3 


Volume  of  Gases. 

418.  A  volume  of  air  saturated  with  moisture  gave  the  following  meas* 

urements.     Reduce  to  the  standard  temperature  and  pressure. 

Level  of  mercury  in  pneumatic  trough,        ....  52.34  c.  m. 

"  "  eudiometer, 24.25     " 

Volume  corresponding  to  24.25  division,     ....  350    c7m} 

Temperature  of  the  air, Ib^A. 

Height  of  barometer, 76.54  c.  m. 

419.  A  volume  of  air  saturated  with  moisture  at  3®.l  and  57.59  c  m. 
pressure,  was  found  to  measure  3G8.9  c.  m.'.  After  absorbing  the  oxygen 
with  a  paper  ball  moistened  with  pyrogallate  of  potash,  and  drying  the 
residual  gas  with  a  ball  of  caustic  f)otash,  it  was  found  to  measure  313.8 
c.m.',  the  temperature  being  3**.l  and  the  pressure  53.58  c.  m.  Required 
the  percentage  composition  of  the  gas. 

420.  A  volume  of  gas  (choke-damp),  measured  moist  at  13.^5  and 
62.40  pressure,  was  found  to  be  171.2  c7~m.'.  After  absorbing  the  car- 
bonic acid  with  a  ball  of  caustic  potash  and  drying  the  gas,  it  was  found 
to  measure  167.3  c.  m.',  the  temperature  being  13.5°  and  the  pressure 
61.96  c.  m.  Finally,  after  absorbing  the  oxygen  with  pyrogallate  of  pot- 
ash, and  drying,  the  gas  was  found  to  measure,  at  13^.9  and  60.58  c  m. 
pressure,  147  c~m.'.     Required  the  percentage  composition  of  the  gas. 
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TABLES- 


TABLE    !• 

MEASURES    AND   WEIGHTS. 

ENGLISH   MEASURES. 

Meoiures  of  Length. 

The  inch  is  the  smallest  lineal  integer  now  used.  For  mechanical 
purposes  it  is  diTided  either  duodecimally  or  bj  continual  bisection ;  but 
for  scientific  purposes  it  is  most  couTcnient  to  diiride  it  decimally.  The 
larger  units  are  thus  related  to  it :  — 

lllle.rvloBfB.CIwiiit.    Rods.      IktboM.         Tarda.  fMt.  UoIm.  laebit. 

1.8  —  80»320»880   —1760  —5280  —8000  —63860 

1  .  10  —  40  —  110   »  220  —  660  —1000  —  7920 

1 .  4—11   —  22  —  66  »  100  -.  792 

1 .   2.75—   5J^—  16.5  —  25  —  198 

1   .   2  —   6  —   9,V-  72 

1.3-   4A—  36 

1   -.   ]{j.  12 

U)00125-..001— U)l— .04—  .11—   .22—   0.66—   1  —    7.92 

Measurei  of  Surfcice, 


1       — 


4 

— 

10       —     4840 

—     43//60 

1 

— 

2J5     —     1210 

—     ]0/(65 

1        —       484 

—       4^)56 

1 

—             9 

JKmmmtm  of  Vidum*, 


1       _       27       —       Mm 
68» 
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Lnperidl  Meaturt, 

The  Imperial  Standard  Grallon  contmns  ten  pounds  avoirdupois  weig^ 
of  distilled  water,  weighed  in  air  at  62^  Fahr.  and  80  in.  Barom.,  or  12 
pounds,  1  ounce,  16  pennyweights,  and  16  grains  Troj,  —  70,000  grain^ 
weight  of  distilled  water.  A  cubic  indi  of  distilled  water  wei^ 
252.458  grains,  and  the  imperial  gallon  contains  277,274  cubic  inches. 


DtotlUed  WatOT. 

OuUe  Inches. 

Pint 

Qourt 

Oalli. 

Ftekfl.    ] 

Korii 

Gtmina.             i 

iToir.  lb. 

.    Qr. 

8,750  — 

1.25 

^—          84.659 

— 

1 

17,500  — 

2.5 

—        69.318 

— 

2  — 

1 

70,000  — 

10 

—     277.274 

» 

8  — 

4  — 

^ 

140,000  — 

20 

—     554.548 

— 

16  — 

8  — 

2  — 

1 

560,000  — 

80 

—  2,218.192 

— 

64  — 

32  — 

8  — 

4  — 

1 

4,480,000  — 

640 

— 17,745  JS36 

— 

512  — 

256  — 

64  — 

32  — 

8 

-1 

Apothecaries*  Meoiure. 

The  gallon  of  the  former  wine  measure  and  of  the  present  Apotheca- 
ries' measure  contains  58,333.31  grains'  weight  of  distilled  water,  or  231 
cubic  inches,  the  ratio  to  the  imperial  gallon  being  nearly  as  5  to  6,  or  as 
0.8331  to  1. 


Gallon. 

Pints.          Ounces.           Dmehms. 

HInlms. 

Gr.oriMst.Wat.    Cub.  Inch. 

1 

—    8    —    128    —    1024 

—    61,440 

—    58,333.31  —  231 

1    —      16    —      128 

—      7,680 

—      7,291.66  —     28.8 

SI—          8 

—         480 

—         455.72  =       1.8 

31 

—           60 

—           56.96  —       0.2 

ENGLISH   WEIGHTS. 


Avoirdupois  Weight, 


Poond. 
1 

^^ 

Ounces. 

16 

^B 

Drachms. 

256 

^ 

Grdns. 

7000 

1 

— 

16 

1 

— » 

437.5 
27.34375 

Apothecaries*  Troy  Weight. 


Pound. 

Ounces. 

Drachms. 

Bcruplea. 

GrahiSL 

1         — 

12 

—       96 

— 

288 

— 

5760 

1 

—         8 

— 

24 

— 

480 

1 

— ' 

3 

1 

— 

60 
20 
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1  Kilometre 
1  Hectometre 
1  Decametre 
1  Metre 

1  Kilometre 

1  Metre 

1  Centimetre 


FRENCH   MEASURES. 
Msasures  of  Length, 


1000  Metres. 
100       « 
10       « 
1       « 


0.6214  Mile. 
8.2809  Feet 
0.3937  Inch. 


1  Metre 

1  Decimetre  » 

1  Centimetre  »- 

1  Millimetre  - 

Logftrithmi. 

9.793  3712 
0.515  9930 
9.595  1742 


1.000  Metre. 

0.100  ** 

0.010  ** 

0.001  « 

Ar.  Co.  Lof . 

0.20G  G188 
9.484  0070 
0.404  8258 


Measures  of  Volume* 


1  Cubic  Metre 
1  Cubic  Decimetre 
1  Cubic  Centimetre 


1000.000  Litres. 
1.000      ** 
0.001      « 


1  Cubic  Metre 
1  Cubic  Decimetre 
1  Cubic  Centimetre 
1  Litre 
1  Litre 
1  Litre 


Logftrithma. 

35.31660  Cubic  Feet  1.547  9790 

61.02709  Cubic  Liches.  1.785  5226 

0.06103      "  «  8.785  5226 

0.22017  Gallon.  9.342  7581 

0.88066  Quart  9.944  8083 

1.76133  Pints.  0.245  8407 


Ar.  CcLof. 

8.452  0210 
8  214  4774 
1.214  4774 
0.657  2419 
0.055  1917 
9.754  1593 


FRENCH  WEIGHTS. 


1  Kilogramme  « 
1  Hectogramme  a 
1  Decagramme  a 
1  Gramme 

1  Kilogramme  = 
1  «  = 

1  Gramme      = 


1000  Grammes. 
100        ** 
10        « 
1         ** 


1  Gramme        — ■  1.000  Gramme. 
1  Decigramme  — >  0.100 
1  Centigramme  «B  0.010 

1  Milligramme  »  0.001 


u 


u 


LQCVfthoM.        Ar.  Oat.  Log. 

2.20462  Pounds  Avoirdopois.     0.343  3337  9.656  6668 

2.67922      «      Troy.  0.4280083  9.5719917 

15.43235  Grains.  1.1884321  8.8115679 


TABLE  FOR  THE  REDUCTION  OF  THE  BAROMETRIC  SCALE. 

28  inch.  =  71.1187  cm. 

29  "    =73.6587    « 

80  ^     =76.1986    « 

81  «     =78.7386    « 

1  inch  =  2 J^39954  cm.  I  1  c  ul  =  0.3937  inch. 


71  cm.  =  27.953  inch. 

75  cm.  =  29.528  inch. 

72    "    =28.347   « 

76    "    =29.922    « 

73    «    =28.741    « 

77    «    =30.315    « 

74    **    =29.134   « 

78    «    =30.709 
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LOQABITHMS 


FOR  REDUCING   THE    MOST    COMMON   WEIGHTS   AND  MEASURES. 


JWeatures  of  Length. 


1 

Metre. 

ParisUa  Foot 

Austrian  FooL 

PniariuiFooi. 

tncUdiFooi 

0. 

0.4S8  8313 

0.300  1723 

0.503  2780 

0.515  9929 

0.611  66S7-1 

0. 

0.011  8410 

0.014  9417 

0.027  <»€16 

0.499  8277-1 

0.988  1590-1 

0. 

0.003  1007 

0.015  8206 

0.496  7270-1 

0.985  0583-1 

0.996  8993-1 

0. 

0.012  7199 

0.4S4  0071-1 

0.972  3384-1 

0.984  1794-1 

0.987  2801-1 

•. 

Measures  of  Surface. 


Square  Metre. 


0. 

0.023  8.375-1 
0.999  G355-2 
0.993  4540-2 
0.968  0148-2 


PartsiaEi  8q.  Foot    Auntriaa  8q.  Foot 


0.976  6625 

0. 

0.976  8180-1 
0.9701166-1 
0.944  6768-1 


1.000  3445 
0.023  6^20 

0. 

0^98  7986-1 
0.968  8588-1 


PnmlBti  8q.  Foot 

English  8q.  Foot. 

1.006  5459 

1.031  9857 

0.029  8884 

0.035  8232 

0.006  2014 

O.Oni  6412 

•• 

0.025  4398 

0.974  6602-1 

0. 

Measures  of  Volume. 


Cabie  Metre. 

Parisian  Cub.  Foot  Austrian  Cub  Foot 

Prussian  Cub.  Foot. 

English  Cob  Foot 

0. 

1.464  9938 

1.500  3168 

1.509  8189 

1.547  9786 

0.535  0062-2 

0. 

0.033  5230 

0.044  8231 

0.0^2  9848 

0.499  4832-2 

0.96 1  4770-1 

0. 

0.009  3021 

0.047  4618 

0.490  18  J  0-2 

0.935  1749-1 

0.990  6979-1 

0. 

0.038  1397 

0.432  0214-2 

0.917  0152-1 

0.952  5382-1 

0.961  8403-1 

0. 

Weights. 


Kilogramme. 

Austrian  Pound. 

Prussian  Pound. 

Eng  Troy  Pound. 

XDfrli»h  Pound 
Avoirdupois. 

0.343  .3433 

0. 

0.251  8027 

0.3.30  0224 

0.428  0208 

0.748  1973-1 

0. 

0.078  2197 

0.176  2182 

0.091  5426 

0.669  9776-1 

0.921  7803-1 

0. 

0.097  9984 

0.013  .32*29 

0.671  9792-1 

0.823  7818-1 

0.902  0016-1 

0. 

0.915  .3244-1 

0.636  6547-1 

0.908  4574-1 

0.986  6771-1 

0.084  67  ">6 

0. 

TABLE    II. 

BPKCIFIC  QRAVnr  AND  ABSOLUTE  WEIGHT  OF  ONK  LITItB  OF 

SOME  OF  THE  MOST  IMPORTANT  OASES  AND  TAPOIta 

CaLCCI^TMD    tt>X  THE  l^TITI'DK   OF    \t'*>IIIHa11>M. 


HuMOrOM. 

i 

8|KQr. 

Ai 

rsKj 

U^^ 

__ 

rr 

Air. 

1 

1.00000 

1.29206 

0,111181 

9.989718 

Alrohol,         .        .        . 

i.ei3 

l.&8H3fl 

2.08SB7 

0.312810 

9.687490 

AmmODW  gu,  . 

O.MBT 

0.A8T38 

0.TW9S 

9,880101 

0.119799 

Andmony,     . 

IG.90H23 

21.94810 

1.3393^0 

8.860410 

Antimonide  of  fajdrogea,  , 

fi.&9SS4 

0.7  47913 

9.1.M188 

Antnic,         .        .        . 

IO.BS 

icaesM 

18.39288 

1.126873 

8.978117 

AiHoide  of  hTdrogen,      . 

2.e» 

3.69S04 

9.48116 

0.S4I847 

0.489188 

Boraa 

1.60446 

1.91648 

0,189288 

9.710763 

Bromine,  .... 

S.S4 

6.82837 

7.14288 

O.B6SS7a 

8,148139 

1.79870 

1.61607 

l>.SSe28T 

9.41 1 783 

Carbon 

0.9469" 

0.82914 

1.07143 

9,970037 

C»ri™ie  icid.       . 

I.S2HI9 

t.fi21Sl 

1.96433 

0.298216 

9,T0u7as 

Cutonic  oxido. 

0.e«77» 

0.967  4S 

1.25000 

0.O9B9I0 

U.liOaOMO 

Chlorine, 

1.47 

«.46SI7 

8.16»6I 

0.501010 

9,498990 

Chloride  of  boron,    . 

3.<)12 

isaese 

6.21107 

0.719)30 

9.2H05bfl 

QiloHdc  of  nitraa. 

G.939 

6.87380 

7.68928 

0.880201 

9.119799 

I.2J74 

1.26114 

1.82917 

0.312046 

9.787988 

Cjuioffen.     .        .        . 

18064 

1,79608 

3. 32 148 

0.868768 

9.0.11318 

0.»I7() 

0.9  3  W) 

1.208.18 

O.ONIIIO 

0,fllKHS4 

Ether,    .... 

2Jifi8aB 

8,3036.> 

Flnocioe,  .... 

1.81297 

1.69818 

0,239838 

9770161 

Flooridfl  U  boron. 

a.siw 

2.ai60H 

8.03127 

0.4HI618     |l.aiNS78 

Fluoride  of  inicon.   .        . 

a.eoo 

SSnSM 

4.«ll"7 

0.6887W6'  9.838214 

0.69104 

0.«93B« 

i),9807K3     0,019118 

Hjdrogen,         .        ,        . 

O.OflBM 

0.00910 

0.0l!>»aH 

B.BB0783     1,049318 

lodiM 

8.7 1« 

9.77814 

II.13M0 

I.0A4IUM    0.9l8tH 

4.  It) 

4- 13181 

8.7  M2U 

0.71696I 

9-1 18088 

M«>hg»,    .        .        . 

O.M7i 

0.S91M 

0.7I4» 

»,'t68H71 

O.IMIIN 

M«c»7.  .... 

8,it;« 

8.9  IMS 

9.9WM 

0.»6ffTK3 

9.019219 

Ntroew.      .        .        . 

o.W7in 

0.96740 

I.JMKW 

nniMHtR 

II.WI30W1 

Nitrooi  oxide,  .        .        . 

I.5ZM 

I.&2O10 

l.9<m 

o.i«a*at 

9.7'*7«» 

Nitric  oxide. 

I.0U8 

IJOaM 

l.63«M 

O.I3W78 

«,«7SI17 

Okflixg.,      .        .        . 

O.MM 

0.90748 

I.JSOOO 

o.nmiii 

9,»(WW0 

OxjK«l, 

I.IOMS 

10806 

i.iisa? 

0.181901 

V,n4809M 

4.«t 

10441 

8.BU71 

0.743)71 

9,lM«t6 

FWpUdiorhjdTOcai, 

l.lTt 

17476 

I.8ITM 

0.181131 

9.  Ml  11769 

SeteniuB.         .        .        . 

»2*17 

7.14t»l 

0,883»7) 

91 18118 

SOtaa..       . 

90216 

9,<28M9 

S.lp)»r,   .... 

U 

III  12 

9,0U'Hjn 

B.tlhTtiO 

^ltO«t 

Wrtw.  .... 

ii^M 

■ 

■ 

K" 
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TABLE    III. 

SPECmC  GRAVITIES  OF  GASES  AT  (fi  C;   BABOMETER,  76  ci 


Bpedflo 

Spedfto 

Names. 

GnTity  by 

Oimrity  bj 

Obttrwn. 

ObMnration. 

Air, 

1.000 

{jgnlt 

Oxygen,     ..... 

1.106 

•   . 

Damas  and  Botushi- 

Hydrogen, 

0.0691 

.   . 

(C                «                 M 

Marsh  g«f, 

0.555 

0.559 

Thomson. 

Methyle, 

.   . 

0.490 

Olefiantgas,        .... 

0.978 

0.980 

Th.  de  Sanssnre. 

Bicarbide  of  hydrogen   of  Fara- 

day,          

1.920 

1.960 

Faraday. 

Phosphide  of  hydrogen, 

1.214 

1.198 

Dnmas. 

Arsenide  of  hydrogen. 

2.695 

2.695 

« 

Chlorine, 

2.470 

.   • 

Oxide  of  chlorine,  or  hypochloric 

[nard. 

add, 

•    • 

2.340 

Hypochlorons  acid  of  Balard,     . 

•   . 

2.980 

Nitrogen, 

0.972 

.   . 

Dnmas  and  Bonssm- 

Protoxide  of  nitrogen, 

1.520 

1.525 

Colin.             [ganlL 

Deutoxide  of  nitrogen,  . 

1.0388 

1.036 

Berard. 

1.806 

1.818 

Gav-Lussac. 

Chloride  of  cyanogen,    . 

.    . 

2.116 

ti 

Ammonia, 

0.596 

0.591 

Biot  and  Arago. 

Oxide  of  carbon,    .... 

0.937 

•       • 

Cruikshanck. 

Carbonic  acid,     .... 

1.529 

•       • 

Domasand  Boossin- 

Chloro-carbonic  acid. 

.   . 

3.399 

[gault 

Sulphurous  acid,     .... 

2.234 

•    . 

Thenard. 

Acid,  chlorohydric. 

1.247 

1.260 

Biot  and  Arago. 

bromohydric, .... 

•      • 

2.731 

iodohydric. 

4.443 

4.350 

Gay-Lnssac. 

sulphohydric. 

1.191 

•       • 

Gay-Lussac  &  The- 

selenohydric. 

.   . 

2.795 

Binean.           [nard. 

tellurohydric. 

.    • 

4.490 

tt 

fluoboracic, 

2.371 

.   . 

John  Dary. 

fluosilicic,       .... 

3.573 

.   • 

tt 

cliloroboracic, 

3.420 

.   . 

Dnmas. 

Monohydrate  of  methyle, 

1.617 

1.601 

Dumas  and  Peligot 

Chlorohydratc  of  methyle. 

1.731 

1.737 

tt        tt        tt 

Fluohydrate  of  methyle, 

1.186 

1.170 

it            u              u 

TABLE    IV. 

SPECIFIC  GRAVITIES  OF  VAPORS  REDUCED  BT  CALCDLATIOH 
TO  0°C.,  AND   BABOHETEB  It  cm. 


Sp«U< 

S»-lk 

KatH. 

Onill}  b; 

anTiirbr 

ObMIMH. 

Air, 

I.ODO 

B.190 

Bromine, 

6.W0 

lodioa, 

8.700 
S.6S0 

Damu. 

S-Iph". 

6.817 

n«*ph°™. 

4.m 

i.3tO 

Anenk, 

10.600 

10.360 

WodKrikh. 

M«m»7. 

6.B76 

S.970 

D<un«. 

13.f)}0 

13.100 

S.000 

2.780 

„ 

4.030 

„ 

1.720 

„ 

1.270 

KlM^H. 

Tdlow  chloride  of  Rilphiir,    . 

4.700 

4.8J0 

Dunui. 

Bed  chloride  of  «>lpluir,     . 

1.700 

« 

4.870 

4.790 

u 

Chloride  of  •nenui     .        .        . 

«.300 

0.S50 

„ 

lodidaflfanenic,   .... 

IS.  100 

l».<40 

HittdMriidL 

8.SS0 

8.100 

« 

9.800 

9.1M 

« 

10.1-10 

9.670 

u 

IM*) 

1U70 

15.600 

IS.«M 

« 

8J»0 

».«0 

. 

7.800 

11.100 

IO.MO 

3».qfLln. 

!  IZ\ 

S.900 

BiwHudWdMr. 

9.199 

8.990 

Dbbm. 

SoUd  chlaiide  of  (TUogtn, 

«.9M 

Binaa. 

S.610 

Chloride  of  mUood.     .        .        . 

B.9S9 

s-»st 

Dmnu. 

C«-phor. 

B.lfi8 

8.114 

- 

4.7SS 

4.7S» 

" 

Btwine, 

tTIO 

2.730 

4.U8 

4.Wt 

DUDM. 

Chl0fid.0frt.Tfa;           .         .         - 

1.441 

tMO 

8-lpUdeorc«toa.   .       .       . 

£.144 

Atohol. 

I.1IU 

I.COI 

■ 

EdMr, 

S.5M 

SJM 

_^MM^^ 

•cwfc, 

MJm 

S.OM 

n^^^^^^^L 

(nulk,         .... 

iJBt 

■Ml) 

^^^^^^^1 

1«»^ 

*■                                                 ■     ■■■■ 

JM 

■h 

L^M 
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SlMCiflft 

Speeiflo 

NamM. 

Ormvlty  bj 

OnTityby 

ObMrvsn. 

Cslealatloii. 

Methylic  alcohol,    .        •        •        • 

1.120 

1.110 

Damas  and  Peligot 

Salphato  of  methyle,  . 

4.565 

4.870 

II            II 

Acetate  of  methyle, 

2.56S 

2.570 

II            II 

Fusel  oil, 

8.147 

8.070 

Dnmaa. 

Acetone, 

2.019 

2.020 

II 

Mercaptan,          .... 

2.326 

2.100 

Bansen. 

Aldehyde, 

1.582 

1.530 

Liebig. 

Oil  of  bitter  almonds, 

.  • 

8.706 

Wohlcr  and  Liebig. 

Hydruret  of  salicyle, 

4.270 

4.260 

Piria. 

Oil  of  cinnamon, 

•  • 

4.620 

Dnmas  and  Nigot 

Oil  of  cwnin,         .... 

5.200 

5.100 

Geihardt  and    Ca- 

Acid,  acetic,        .... 

2.770 

2.780 

Domaa.         pioon. 

benzoic^ 

4.270 

4.260 

M 

valerianic,  .... 

8.680 

8.550 

Ihimas  and  Stas. 

cyanohydric,  .    -  . 

0.947 

0.936 

Gay-Lnssac 

Kakodyle, 

7.100 

7.286 

Bansen. 

7.550 

7.830 

i( 

Cyanaret  of  kakodyle, 

4.680 

4.540 

i< 

Chloride  of  kakodyle,     . 

4.560 

4.800 

*« 

Water, 

0.6235 

0.624 

Oay-I/itssac 

TABLE    Y. 

SPECIFIC  GRAVITY  OF  LIQUIDS  AT  4"  C. 


Name. 

8p.  Gnrity. 

Nam*. 

8p.  OraTity. 

Water,  distilled. 

1.000 

Ether,    .... 

0.715 

Bromine,     . 

2.966 

.—  chlorohydric, 

0.874 

Mercury  at  0*^  C.,  . 

18.596 

0.868 

Acid,  sulphuric,  most  con- 

Methylic alcohol, 

0.798 

centrated,   . 

1.841 

Fusel  oil, 

0.818 

hyposulphuric,     . 

1.347 

Acetone,    . 

0.792 

nitric  fuming, 

1.451 

Mercaptan,    . 

0.840 

nitric  tetrahydrated, 

1.420 

Oil  of  turpentint, 

0.869 

nitric  of  commerce. 

1.220 

of  citron, 

0.847 

hyponitric, 

1.451 

Aldehyde, . 

0.790 

Oil  of  bitter  almonds, 

1.043 

trated  liquid. 

1.208 

of  spiraea. 

1.173 

acetic  monohydrated. 

1.068 

—  of  cumin,    . 

0.969 

acetic,  greatest  density, 

1.079 

—  of  cmnamon,  . 

1.010 

oleic, 

0.898 

Sea-water, 

1.026 

cyanohydric. 

0.696 

Milk,    .... 

1.030 

Sulphide  of  carbon. 

1.263 

Wine  of  Bordeaux,  . 

0.994 

Protochloride  of  sulphur, 

1.680 

of  Burgundy,      . 

0.991 

Alcohol,  absolute,   . 

0.792 

Olive-oil,  . 

0.915 

Naphtha, 

0.847 

(hyd.ofRudberg), 

0.927 

TABLE 

yi. 

SPECIFIC  GBATITT  OF  80UD8  AT 

41  C. 

1.   SimpU 

Bodif. 

IllBM. 

BV-M.  Gntlt,. 

OtwHn. 

Iodine 

4.948 

Ga7'Liuu«. 

SnlphDT, 

t.(m 

L«ro7T  A  DnrnM. 

4.300 

1770 

Arwmc, 

B.UTO 

Tlcnptlli. 

C«*«n.S^«~^-        •        ■        ■     i 

*.a80 

t.fioa 

Lcrofcr  &  Dumu. 

^Grtphite,        .... 

l.»00 

b.Hss 

n*y'I,a>.  and  Tl.cti. 

Sodium 

0.BT2 

.. 

s.oia 

In». 

7.TIW 

<»•». 

1.200 

8Ml,Dotl>«nm««^       .... 

tA\a 

Zinc 

7.1W 

a,«M 

r.a 

T.2BI 

CoWt,<«. 

7^13 

Siael.««, 

B.27> 

D-M4 

ajHM 

Tang«en. 

I1.600 

Frtn*  dTWi«r«n. 

Ommmm 

>.M0 

AoiiBoaj, 

•.TM 

Titaoiam, 

t«» 

Tell-rin-. 

•.IM 

U»n««, 

•jmm 

BvMi. 

K— -d^ 

•.m 

riM.#«ite;>rt. 

L«d.a«. 

II.SM 

C<W.r,««. 

fe.*M 

«lk*mio,V^     .        . 

»«• 

Moot  MO*. 

M.M« 

O— i— 

»*»•• 

P^IM--, 

«4~ 

-Orf, 

»-«•• 

■fcofi-*. 

It-ww* 

aH««««. 

!•-«»♦ 

G<)U.1-tbI. 

N>M« 

l».M«> 

Pl-i— 

ZI.M* 

njtm 
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2.  Binary  ChmpoundM. 


NaoMi. 

Bptfllflc  QiBifl^. 

f  Quartz  hjralin.. 

2.638 

H* 

Acid,  silicic,  )  Agale, .... 

2.616 

M. 

(  Opal  (siL  hyd.),       . 

2.260 

M. 

-^—  hydrated  boradc  (saasoline), 

1.480 

M. 

Lime, 

8.160 

Boullaj. 

Chloride  of  caldam,    .... 

2.280 

u 

Fluoride  of  calciam  (flaor-cpar),     . 

8.200 

M. 

Chloride  of  barinm,     .... 

8.900 

Boullay. 

Chloride  of  potassiara,    .... 

1.886 

Wenxd. 

Iodide  of  potassium,    .... 

8.000 

BoiiUaj. 

Chloride  of  sodium,         .        .        . 

2.100 

Kirwan. 

Chloride  of  ammonium  (sal.  ammoniac), 

1.520 

M. 

t  Corandum,  sapphire,  and  on- 

Alumina, )     ental  ruby, 

4.160 

yL 

f  £mery,      .... 

8.900 

yL 

Acid,  arscnious, 

8.700 

Leroyer  &  Dumas. 

Protoxide  of  antimony. 

6.778 

Boullay. 

Sulphide  of  antimony,    .... 

4.884 

M. 

Oxide  of  silver, 

7.250 

Bonllaj. 

Sulphide  of  silver, 

7.200 

KL 

Cliloride  of  silver,       .... 

5.648 

Boullay. 

Iodide  of  silver, 

6.614 

« 

Deutoxide  of  mercury. 

11.000 

« 

Protochloride  of  mercury, 

7.140 

« 

Bichloride  of  mercury. 

6.420 

« 

Deutoiodide  of  mercury, .        .        .        .   ^ 

6.820 

«< 

Protoiodide  of  mercury, 

7.750 

<f 

Bisulphide  of  mercury,    .... 

8.124 

It 

Oxide  of  bismuth,        .... 

o.9oo 

« 

Sulphide  of  bismuth,       .... 

6.540 

M. 

Sulphide  of  molybdenum,    . 

4.600 

M. 

Tungstic  acid, 

6.000 

M. 

Protoxide  of  copper,    .... 

6.800 

Boullay. 

Deutoxide  of  copper,       .... 

6.180 

u 

Protosulphide  of  copper, 

6.690 

M. 

Deutoxide  of  tin, 

6.700 

M. 

Protosulphide  of  tin,    .... 

6.267 

Boullay. 

Bisulphide  of  tin, 

4.416 

M 

Protoxide  of  lead  (cast), 

9.600 

« 

Peroxide  of  lead, 

9.200 

M 

Iodide  of  lead, 

6.100 

« 

Selenide  of  lead, 

7.690 

VL 

Sulphide  of  lead  (Galena),  . 

7.680 

M. 

Oxide  of  zinc, 

6.600 

Boullay. 

Sulphide  of  zinc  (blende),    . 

4.160 

M. 

•  M.  IndScatM  the  nomboB  takm  from  CIm  "  Tnit4  d«  Miiiiimlogto  ^  of  BradMi. 
gtiMrmlly  been  used. 


KlBIM. 

Bpidag  OnfU}. 

ou™ 

Poroude  of  iron 

S.3U 

BoBlUy. 

bUgiunic  oxide  or  iron.       .        .        . 

6.400 

BiiulpUde    of   iTOD 

SBlphidesoTiron, 

(pyrito).  .        . 
Do.  (while  pyriw),. 

B.OGO 
4.840 

H- 

JUgneticpyrite... 

4.S20 

4.480 

BoollBj. 

S««|u>oxtdeDrm>neBnew,.        .        . 

4.810 

M. 

4.722 

H. 

3.950 

M. 

pKToiiiioof  liunium  (ruiilej, 

4.tli0 

M. 

a. 

S-pJ. 

SabM. 

,™. 

BpKdflgGiaTltT. 

OlMwrn. 

«—."■-..  i^r . 

S.T!3 
2.946 

Malm. 
Thanarf. 

2.880 

M. 

CarbauuoriroD(iroDipu),     . 

8.880 

M. 

Cutonau  of  muigaDeM, 

8.SB0 

M. 

Cubonale  of  tine, 

4.500 

H. 

C»rt>onato  of  birylea. 

4.300 

H. 

S.6U 

M. 

Qutnnate  of  lead  (white  lead). 

6.T30 

M. 

SalphMa  of  barjla  (hear;  apar). 

4.700 

U. 

Sulphate  of  Rtrontia  (eelMtiDe), 

8.9S0 

M. 

Sulphate  of  le«i,          .        .        . 

6.300 

M- 

Sulphate  of  ■il<-er,  .        .        . 

B.340 

Kanteo. 

s.,p.-.,..,{-^j:^  ■ 

2.900 

2.eso 

U. 
H. 

8alph«eofpot«.h.      .        .        . 

2.400 

M. 

Anhjdroiuialpbateor*oda,  . 

2.630 

Karate. 

Chramate  of  pota^,    . 

2.700 

Kopp. 

Chromate  of  lead  (nwin),      . 

6.600 

H. 

Nitrate  of  potaih. 

1.930 

H. 

Nitrate  of  barrta.    .        .        . 

1.185 

KanUD. 

Nitrate  of  atnntia. 

2.9» 

" 

Nitrate  of  leid, 

4.J00 

" 

Moljbdateoflead,       .        .        . 

6.700 

GnMlin. 

ToofMttteoriead,  .       .       . 

8.000 

" 

TnnpHwerfliine.        ■        ■        • 

0.000 

Kanton. 

Alnminate  of  magwda  (apinal). 

8.700 

M. 

AluminaieofrineliiooipiDd),  . 

4.700 

M. 

SilioMeofHivoiiUlurcoa).    . 

4.400 

M. 

Borate  of  magneaia(boradM),    . 

2.500 

M. 
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00  OD 


odoeddoood 
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doddooddd 


COCOOQCOOOO9<9eOCOtO09 
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moptootoaoint^eo 
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TABLE    VIII. 

TABLfi  OF  THE  TENSION  OF  THE  VAPOR  OF  ABSOLUTE  ALCOHOL^ 

ACCORDING  TO  REGNAULT.* 


oa 

Tensioa. 

OC. 

TenikMi. 

oo. 

TeMloii. 

oa 

,.— . 

o 

in.  in. 

o 

m.111. 

o 

BB.  in. 

o 

m-m. 

0.0 

12.73 

4.0 

16.62 

8.0 

21.81 

12.0 

27.19 

0.1 

12.82 

4.1 

16.73 

8.1 

21.45 

12.1 

27.86 

0.2 

12.91 

4.2 

16.84 

8.2 

21.58 

12.2 

27.58 

0.3 

13.01 

4.3 

16.95 

8.8 

21.72 

12.3 

27.70 

0.4 

13.10 

4.4 

17.05 

8.4 

21.85 

12.4 

27.87 

0.5 

13.19 

4.5 

17.16 

8.5 

21.99 

12.5 

28.04 

0.6 

13.28 

4.6 

17.27 

8.6 

22.12 

12.6 

28.21 

0.7 

13.37 

4.7 

17.88 

8.7 

22.23 

127 

28.38 

0.8 

13.46 

4.8 

17.48 

8.8 

22.89 

12.8 

28.55 

0.9 

13.36 

4.9 

17.59 

8.9 

22.52 

12.9 

28.72 

1.0 

13.65 

5.0 

17.70 

9.0 

22.66 

13.0 

28.89 

l.l 

13.74 

5.1 

17.82 

9.1 

22.80 

1.1.1 

29.07 

1.2 

13.8  4 

5.2 

17.93 

9.2 

22.94 

13.2 

29.25 

1.3 

13.93 

5.3 

18.04 

9.3 

23.08 

13.3 

^.a 

1.4 

1 4.0.3 

5.4 

18.16 

9.4 

23.23 

13.4 

29.61 

1.5 

14.12 

5.5 

18.27 

9.5 

23.37 

13.5 

29.79 

1.6 

14.22 

5.6 

18.38 

9.6 

23.51 

13.6 

29.97 

1.7 

14.31 

5.7 

18.50 

9.7 

23.65 

13.7 

30.15 

1.9 

14.41 

5.3 

18.61 

9.8 

23.79 

13.8 

80.23 

1.9 

14.50 

5.9 

18.73 

9.9 

23.94 

13.9 

80.51 

2.0 

14.60 

6.0 

18.84 

10.0 

24.08 

14.0 

30.69 

2.1 

14.70 

6.1 

13.96 

10.1 

24.23 

14.1 

30.88 

2.2 

14.79 

6.2 

19.08 

10.2 

24.33 

14.2 

31.07 

2.3 

14.39 

6.3 

19.20 

10.3 

24.53 

14.3 

31.26 

2.4 

14.99 

6.4 

19.32 

10.4 

24.63 

14.4 

31.43 

2.5 

15.09 

6.5 

19.44 

10.5 

24.83 

14.5 

31.64 

2.6 

15.19 

6.6 

19.56 

10.6 

24.99 

14.6 

31.84 

2.7 

15.29 

6.7 

19.68 

10.7 

25.14 

11.7 

32.03 

2.3 

15.39 

6.8 

19.80 

10.8 

25.29 

14.8 

32.>2 

2.9 

15.49 

6.9 

19.92 

10.9 

25.44 

14.9 

32.41 

3.0 

15.59 

7.0 

20.04 

11.0 

25.59 

15.0 

32.60 

3.1 

15.69 

7.1 

20.17 

11.1 

25.73 

15.1 

32.80 

3.2 

15.79 

7.2 

20.30 

11.2 

25.91 

15.2 

33.01 

8.3 

15.90 

7.3 

20.43 

11.3 

26.07 

15.3 

33.21 

3.4 

16.00 

7.4 

20.55 

11.4 

26.23 

15.4 

33.41 

8.5 

16.10 

7.5 

20.63 

11.5 

26.39 

13.5 

38.61 

8.6 

16.21 

7.6 

20.81 

11.6 

26.55 

15.6 

33.32 

3.7 

16.31 

7.7 

20.93 

11.7 

26.71 

15.7 

84.02 

83 

16.41 

7.8 

21.06 

11.8 

26.37 

15.8 

31.22 

.S.9 

16.52 

7.9 

21.19 

11.9 

27.03 

13.9 

34.42 

*  This  tabic  is  calculated  fh>m  recent  experliiMntf  of  Regnaolt. 
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oa 

^ 

oc. 

'— 

oa 

—. 

oc. 

«-. 

o 

m-m. 

o 

■I.B. 

o 

■.m. 

o 

B.m. 

16.0 

84.62 

20.0 

44.00 

24.0 

65.70 

28.0 

70.02 

16.1 

8484 

20.1 

44.27 

24.1 

66.04 

2S.1 

70.49 

16.2 

85.05 

20.2 

44.54 

24.2 

66.87 

28.2 

7089 

16.8 

85.27 

20.3 

44.81 

24.3 

66.70 

28.3 

71.29 

16.4 

85.48 

20.4 

45.08 

24.4 

67.03 

28.4 

71.69 

16.5 

85.70 

20.5 

45.35 

24.6 

67.87 

28.5 

72.09 

16.6 

85.91 

20.6 

46.61 

24.6 

67.70 

28.6 

72  49 

16.7 

86.13 

20.7 

46.88 

24.7 

68.03 

28.7 

72.89 

16.8 

86.34 

20.8 

46.15 

24.8 

68.36 

2S.8 

78.29 

16.9 

86.56 

20.9 

46.48 

24.9 

66.70 

28.9 

73.69 

17.0 

86.77 

21.0 

46.69 

26.0 

68.03 

29.0 

74.09 

17.1 

87.00 

21.1 

46.98 

25.1 

68.38 

29.1 

74.58 

17.2 

87.23 

21.2 

47.26 

25.2 

68.73 

29.2 

71.96 

17.8 

87.45 

21.8 

47.55 

25.8 

60.08 

29.3 

75.89 

17.4 

87.68 

21.4 

47.88 

26.4 

60.43 

29.4 

75.82 

17.6 

87.91 

21.5 

48.12 

26.6 

60.78 

29.5 

7625 

17.6 

88.14 

21.6 

48.40 

25.6 

61.13 

29.6 

76.68 

17.7 

88.36 

21.7 

48.69 

26.7 

61.48 

29.7 

77.12 

17.8 

88.59 

21.8 

48.97 

25.8 

61.88 

29.8 

77.55 

17.9 

88.82 

21.9 

49.26 

25.9 

62.18 

29.9 
30.0 

77.98 
78.41 

18.0 

89.05 

22.0 

49.54 

26.0 

62.63 

18.1 

89.29 

22.1 

49.84 

26.1 

62.90 

18.2 

89.53 

22.2 

60.14 

26.2 

68.27 

18.8 

89.77 

22.3 

60.44 

26.8 

63.64 

18.4 

40.0! 

22.4 

60.74 

26.4 

64.01 

18.5 

40.25 

22.5 

61.04 

26.5 

64.37 

18.6 

40.49 

22.6 

61.84 

26.6 

64.74 

18.7 

40.73 

22.7 

61.64 

26.7 

65.11 

18.8 

40-97 

22.8 

61.94 

26.8 

65.48 

18.9 

41.21 

22.9 

52.24 

26.9 

66.85 

19.0 

41.45 

23.0 

52.64 

27.0 

•  66.22 

19.1 

41.71 

23.1 

62.86 

27.1 

66.60 

19.2 

41.96 

23.2 

63.17 

27.2 

66.99 

19.S 

42.22 

23.3 

68.49 

27.8 

67.38 

19.4 

42.47 

23.4 

63.81 

27.4 

67.77 

19.5 

42.73 

23.5 

64.12 

27.6 

6S.15 

19.6 

42.98 

28.6 

64.44 

27.6 

68  54 

19.7 

48.21 

23.7 

64.76 

27.7 

69.93 

19.8 

43.49 

23.8 

65.07 

27.8 

69.31 

19.9 

43.75 

28.9 

65.88 

27.9 

69.70 

1 
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TABLE    IX. 

TABLE  FOR  THE  TENSION  OF  AQUEOUS  VAPOR  FOB  TEMPERA- 
TURES FROM  — 320  TO  +2300,  BY  REGNAULT. 


Tempexatore. 

Tenidon  in 
Cendmetrai. 

Temperatax*. 

TteriMin 
GmiiMtni^ 

Tmpantaztt. 

CtetiiMCni. 

o 
—82 

0.0820 

o 
H-19 

1.6346 

-t-105 

90  3410 

80 

0.0386 

20 

1.7391 

no 

107.5370 

25 

0.0606 

21 

1.8495 

116 

126  9410 

20 

0.0927 

22 

1.9659 

120 

149.1280 

15 

0.140a 

23 

2.0888 

126 

174.368 

10 

0.2093 

24 

2.2184 

180 

203.028 

—  6 

0.3113 

25 

2.8550 

183 

285.373 

0 

0.4600 

26 

2.4988 

140 

271.763 

H-  1 

0.4940 

27 

2.6505 

146 

812.556 

2 

0.5802 

28 

2.8101 

150 

368.123 

8 

0.6687 

29 

2.9782 

156 

408.866 

4 

0.6097 

80 

8.1548 

160 

465.162 

5 

0.6584 

85 

4.1827 

166 

627.464 

6 

0.6998 

40 

5.4906 

170 

696.166 

7 

0.7492 

46 

7.1891 

176 

671.743 

8 

0.8017 

60 

9.1982 

180 

764.639 

9 

08574 

55 

11.7478 

186 

845.323 

10 

0.9165 

60 

14.8791 

190 

944.270 

11 

0.9792 

65 

18.6945 

196 

1051.963 

12 

1.0457 

70 

23.3093 

200 

1168.896 

13 

1.1162 

75 

28.8517 

206 

1295.566 

14 

1.1908 

80 

85.4643 

210 

1432.480 

15 

1.2699 

85 

43.3041 

216 

1580.183 

16 

1.3536 

90 

52.6450 

220 

1739.036 

17 

1.4421 

95 

68.3778 

225 

1909.704 

18 

1.5357 

100 

76.0000 

280 

2092.640 

Tension  of  Vapor  of  Watery  according  to  Ihdong  and  Arago, 


Temperature. 

Tension  in 
Atnio^pheras. 

Ptwvupb  in 

Kllofrrammet 

on  1  c.  m.* 

Temperature. 

Tension  in 
Atmoapfanw. 

Prewmre  in 

KIlognuDmei 

on  1  c  HI.' 

o 
100 

121.4 

135.1 

145.4 

160.2 

172.1 

190.0 

203.6 

214.7 

1 
2 
3 
4 

6 

8 

12 

16 

20 

1.033 

2.066 

3.099 

4.106 

6.198 

8.264 

12.396 

16.528 

20.660 

o 
226.3 

265.89 

811.36 

363.58 

423.57 

462.71 

492.47 

516.75 

25 
50 
100 
200 
400 
600 
800 
1000 

25.825 
51.660 

103.8 

206.6 

413.2 

619.8 

826.4 
1038.0 

TABLES 
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TABLE    X. 

TABLE  FOB  THE  TENSION  OF  AQUEOUS  VAPOR  FOR  TEMPERA- 
TUBES  FROM  — 2o  TO  +350  C ,  ACCORDING  TO  REGNAULT. 


oa 

TMukm. 

oc. 

Tension. 

oc 

Tension. 

oc. 

TenBion. 

0 

m*  in. 

0 

ni.  ni. 

0 

m.  m. 

0 

—2.0 

8.9.>5 

-+•2.0 

5.302 

4-6.0 

699^ 

H-10.0 

9.165 

1.9 

3.985 

2.1 

5.340 

6.1 

7.047 

10.1 

9.227 

1.8 

4.016 

22 

5.378 

6.2 

7.095 

10.2 

9.288 

1.7 

4.047 

2.3 

5.416 

6.3 

7.144 

10.3 

9.350 

L6 

4.078 

2.4 

5.454 

6.4 

7.19:) 

10.4 

9.412 

1.5 

4.109 

2.5 

5.491 

6.5 

7.242 

10.5 

9.474 

1.4 

4.140 

2.6 

5.530 

6.6 

7.292 

10.6 

9.5.37 

1.3 

4.171 

2.7 

5.569 

6.7 

7.342 

10.7 

9.601 

1.2 

4.203 

2.8 

5.60S 

6.8 

7..392 

10.8 

9.665 

1.1 

4.2.^5 

2.9 

5.6  47 

6.9 

7.442 

10.9 

9.728 

1.0 

4.267 

S.O 

5.637 

7.0 

7.492 

11.0 

9.792 

0.9 

4.299 

3.1 

5.727 

7.1 

7.544 

11.1 

9.857 

0.8 

4.!^1 

8.2 

6.767 

7.2 

7.595 

11.2 

9.923 

0.7 

4  364 

.3.3 

5.807 

7.3 

7647 

11.3 

9.939 

0.6 

4.3»7 

3.4 

5.848 

7.4 

7.699 

11.4 

10.054 

0.5 

4.4.'t0 

8.5 

5.889 

7.5 

7.751 

11.5 

10.120 

0.4 

4.463 

3.6 

5.930 

7.6 

7.804 

11.6 

10.187 

0.3 

4.497 

8.7 

5.972 

7.7 

7.857 

11.7 

10.255 

0.2 

4.531 

88 

6.014 

7.8 

7.910 

11.8 

10.322 

—O.I 

4.565 

3.9 

6.05> 

7.9 

7.3  J 1 

i:.a* 

10.389 

0.0 

4.600 

4.0 

6.097 

8.0 

8.017 

12.0 

10.457 

+0.1 

4.6 1  { 

4.1 

6.140 

8.1 

8.072 

12.1 

10.526 

0.2 

4.6*>7 

4.2 

6.183 

8.2 

8.126 

12.2 

10.596 

0.3 

4.700 

4.3 

6.226 

S,Z 

8.181 

12.3 

10.665 

0.4 

4.733 

4.4 

6.270 

8.4 

8.2.36 

12.4 

10.734 

0.3 

4.767 

4.5 

6.313 

8.5 

8.291 

12.5 

10.804 

0.6 

4.801 

4.6 

6.357 

8.6 

8.347 

12.6 

10.875 

0.7 

4.836 

4.7 

6.401 

8.7 

8.404 

12  7 

10.947 

0.8 

4.871 

4.8 

6.445 

8.8 

8.461 

12.8 

11.019 

09 

4.905 

4.9 

6.490 

8.9 

8.517 

12.9 

11.090 

1.0 

4  910 

5.0 

6.534 

9.0 

8.574 

13.0 

11.162 

l.l 

4.975 

5.1 

6.580 

9.1 

8.632 

1.3.1 

11.235 

1.2 

5.011 

5.2 

6.625 

9.2 

8.690 

13.2 

11.309 

1.3 

5.047 

5.3 

6.671 

9.3 

8.748 

13.8 

11.383 

1.4 

5.082 

5.4 

6.717 

9.4 

8.807 

13.4 

'    11.456 

1 

1.5 

5.118 

5.5 

6.763 

9.5 

8.865 

13.5 

11.530 

1.6 

5.155 

5.6 

6.810 

9.6 

8.925 

13.6 

'    11.605 

1.7 

5.191 

5.7 

6.857 

9.7 

8.985 

13.7 

11.681 

1.8 

5.228 

6.8 

6.904 

9.8 

9.045 

13.8 

1    11.757 

1.9 

5.265 

5.9 

6.951 

9.9 

9.105 

13.9 

;    11.832 
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TABfJaft. 


OC. 

TtaMion. 

OC. 

Tetudoii. 

OC. 

Tenildn. 

OC. 

— 

o 

m.  m. 

o 

ID.  m. 

o 

n.  in. 

O 

B.B. 

-1-14.0 

11.908 

-+•18.0 

15.357 

+22.0 

19.659 

H-26.0 

24.988 

14.1 

11.986 

18.1 

15.454 

22.1 

19.780 

26.1 

25.138 

14.2 

12.064 

18.2 

15.552 

22.2 

19.901 

26.2 

25.288 

14.3 

12.142 

18.3 

15.650 

22.8 

20.022 

26.8 

25.488 

14.4 

12.220 

18.4 

15.747 

22.4 

20.148 

26.4 

25.38S 

14.5 

12.298 

18.5 

15.845 

22.5 

20.265 

26.5 

25.738 

14.6 

12..S78 

18.6 

15.945 

22.6 

20.389 

26.6 

25^91 

14.7 

12.458 

18.7 

16.045 

22.7 

20.514 

26.7 

26.015 

14.8 

12.538 

18.8 

16.145 

22.8 

20.639 

2ii.8 

26.198 

14.9 

12.619 

18.9 

16.246 

22.9 

20.763 

26.9 

26.351 

13.0 

12.699 

19.0 

16..346 

23.0 

20.888 

27.0 

26.505 

15  I 

12.781 

19.1 

16.449 

23.1 

21.016 

27.1 

26.663 

15.2 

12.861 

19.2 

16.552 

23.2 

21.144 

27.2 

26.820 

15.3 

12.947 

19.3 

16.655 

23.3 

21.272 

27.3 

26.978 

15.4 

13.029 

19.4 

16.758 

2.3.4 

21.400 

27.4 

27.136 

15.5 

13.112 

19.5 

16.8t>l 

23.5 

21.528 

27.5 

27.294 

15.6 

13.197 

19.6 

16.967 

23.6 

21  659 

27.6 

27.455 

15.7 

13.281 

19.7 

17.073 

23.7 

21.790 

27.7 

27.617 

15.8 

13.366 

19.8 

17.179 

23.8 

21.921 

27.8 

27.778 

15.9 

13.451 

19.9 

17.285 

23.9 

22.053 

27.9 

27.939 

16.0 

13.536 

20.0 

17..391 

24.0 

22.184 

28.0 

23.101 

16.1 

13.623 

20.1 

17.500 

24.1 

22.319 

28.1 

2S.267 

16.2 

13.710 

20.2 

17.608 

24.2 

22.453 

28.2 

2-^.4:13 

16.3 

13.797 

20.3 

17.717 

24.3 

22.588 

28.3 

2S.599 

16.4 

13.885 

20.4 

17.826 

24.4 

22.723 

28.4 

28.765 

16.5 

13.972 

20.5 

17.935 

24.5 

22.858 

28.5 

28.931 

16.6 

14.062 

20.6 

18.047 

24.6 

22.996 

2S.6 

29.101 

16.7 

14.151 

20.7 

18.159 

24.7 

23.135 

28.7 

29.271 

16.8 

14.241 

20.8 

18.271 

24.8 

23.273 

28.8 

29.441 

16.9 

14.331 

20.9 

18.383 

24.9 

23.411 

28.9 

29.612 

17.0 

14.421 

21.0 

18.495 

25.0 

2.3.550 

29.0 

29.782 

17.1 

14.513 

21.1 

18.610 

25.1 

23.692 

29.1 

29.956 

17.2 

14.605 

21.2 

18.724 

25.2 

23.834 

29.2 

30.131 

17.8 

14.697 

21.3 

18.8.39 

25.3 

23.976 

29.3 

30.805 

17.4 

14.790 

21.4 

18.954 

25.4 

24.119 

29.4      j 

30.479   i 

17.5 

14.882 

21.5 

19.069 

25.5 

24.261 

29.5 

30.654   ! 

17.6 

14.977 

21.6 

19.187 

25.6 

24.406 

29.6 

80.833 

17.7 

15.072 

21.7 

19.305 

25.7 

24.552 

29.7 

81.011 

17.8 

16.167 

21.8 

19.423 

25.8 

24.697 

29.8 

31.190 

17.9 

15.262 

21.9 

19.511 

2"».9 

24.842 

29.9 

31.369 

1 

TABUS. 


TOT 


OC. 

TenikMi. 

OC. 

TiBoaioii. 

oa 

Tnukm. 

OC. 

TMukm. 

nn.  m. 

o 

m.  nn. 

o 

in.  nn. 

o 

in.  n. 

H-80.0 

81.548 

H-31.0 

83.405 

+82.0 

85.359 

-+-83.0 

87.410 

80.1 

31.729 

81.1 

83.596 

82.1 

85.559 

88.1 

87.621 

80.2 

81.911 

81.2 

83.787 

82.2 

85.760 

83.2 

87.832 

80.8 

82.094 

81.3 

83.980 

82.8 

85.962 

83.3 

88.045 

80.4 

82.278 

81.4 

84.174 

82.4 

86.165 

33.4 

88.258 

80.5 

82. 46:1 

81.5 

34.368 

82.5 

36.370 

88.5 

88.473 

80.6 

32.630 

81.6 

84.564 

82.6 

86.576 

83.6 

88.689 

80.7 

82.837 

31.7 

84.761 

82.7 

86.783 

83.7 

88.906 

80.8 

38.026 

81.8 

84.959 

82.8 

86.991 

33.8 

89.124 

809 

33215 

31.9 

35.159 

82.9 

87.200 

83.9 

39.344 

84.0 

89.565 

84.3 

40.230 

81.6 

40.907 

84.9 

41.695 

34.1 

89.786 

84.4 

40.455 

84.7 

41.135 

85.0 

41.827 

84.2 

40.007 

34.5 

40.680 

84.8 

41.364 

TABLE    XI. 

TABLE  FOB  THE  CALCULATION  OF  THE  VALUE  OF  I  +  0.00366 1. 


t. 

NmnMr. 

I^ 

1. 

Number. 

Lof. 

o 
—2.0 

0.99268 

9.99681 

o 
0.0 

1.00000 

0.00000 

1.9 

0.99305 

9.99697 

-hO.l 

1.00037 

0.00016 

1.8 

0.99341 

9.99713 

0.2 

1.00073 

0.00038 

1.7 

0.99378 

9.99729 

0.8 

1.00110 

0.00048 

1.6 

0.99414 

9.99745 

0.4 

1.00146 

0.00063 

1.5 

0.99451 

9.99761 

0.6 

1.00183 

0.00079 

1.4 

0.99488 

9.99777 

0.6 

1.00220 

0.00095 

1.8 

0.99.Y24 

9.99793 

0.7 

1.00256 

0.00111 

1.2 

0.99561 

9.99809 

0.8 

1.00293 

0.00127 

1.1 

0.99597 

9.99825 

0.9 

1.00329 

0.00148 

1.0 

0.99634 

9.99841 

1.0 

1.00366 

0.00159 

0.9 

0.99671 

9.99957 

1.1 

1.00408 

0.00176 

0.8 

0.99707 

9.99878 

1.8 

1.00489 

0.00191 

0.7 

0.99714 

9.99888 

1.8 

1.00476 

0.00207 

0.6 

0.99780 

9.99904 

1.4 

1.00312 

0.00222 

0.5 

0.99817 

9.99920 

1.5 

1.00549 

0.00238 

0.4 

0.99854 

9.99987 

1.6 

1.00586 

0.00254 

0.8 

0.99890 

9.99952 

1.7 

1.00622 

0.00270 

0.8 

0.99987 

9.99968 

1.8 

1.00659 

0.00285 

—0.1 

0.99968 

if  .]fvifo4 

1.9 

1.00695 

0.00301 
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TABLES.. 


t. 

Nuinbor« 

I^ 

1. 

Nmnlwr. 

I-» 

o 
H-2.0 

1.00732 

0.00317 

o 
H-6.0 

1.02196 

0.0094S 

2.1 

1.00769 

0.00333 

6.1 

1.02238 

0.00959 

2.2 

1.00805 

0.00349 

6.2 

'   1.02269 

0.00975 

2.8 

1.00842 

000365 

6.8 

1.02806 

0.00991 

2.4 

1.00878 

0.00.381 

6.4 

1.02342 

0.01006 

2.5 

1.00916 

0.00397 

6.5 

1.02879 

0.01022 

2.6 

1.00952 

0.00412 

6.6 

1,02416 

0.01088 

2.7 

1.00988 

0.00428 

6.7 

1  02452 

0.01054 

2.8 

1.01025 

0.00444 

6.8 

1.02489 

0.01069 

2.9 

1.01061 

0.00469 

6.9 

1.02323 

0.01084 

3.0 

1.01098 

0.00474 

7.0 

1.02362 

0.01099 

8.1 

1.01133 

0.00490 

7.1 

1.02599 

0.01115 

8.2 

1.01171 

0.00506 

7.2 

1.02635 

0.01131 

3.3 

1.01208 

0.00521 

7.3 

1.02672 

0.01147 

3.4 

1.01244 

0.00537 

7.4 

1.02708 

0.01162 

8.5 

1.01281 

0.00553 

7.6 

1.02745 

0.01177 

3.6 

1.01318 

0.00368 

7.6 

1.02782 

0.01198 

3.7 

1.01354 

0.00584 

7.7 

1.02818 

0.01208 

3.8 

1.01391 

0.00600 

7.8 

1.02853 

0.01223 

3.9 

1.01427 

0.00615 

7.9 

1.02891 

0.01233 

4.0 

1.01464 

0.00631 

8.0 

1.02928 

0.01253 

4.1 

1.01501 

0.00647 

8.1 

1.029H:) 

0.01269 

4.2 

1.01537 

0.00663 

8.2 

1.03001 

0.01254 

4.3 

1.01574 

0.00678 

8.3 

1.03038 

0.01.300 

4.4 

1.01610 

0.00694 

8.4 

1.0.3074 

0.01313 

4.5 

1.01647 

0.00710 

8.5 

1.03111 

0.01330 

4.6 

1.01684 

0.00725 

8.6 

1.03148 

0.01346 

4.7 

1.01720 

0.00741 

8.7 

1.03184 

0.013H1 

4.8 

1.01767 

0.00756 

8.8 

1.03221 

0.01377 

4.9 

1.01793 

0.00772 

8.9 

1.03257 

0.0i:>92 

5.0 

1.01830 

0.00788 

9.0 

1.03294 

0.01407 

5.1 

1.01867 

0.00803 

9.1 

1.03331 

0.01423 

5.2 

1.01903 

0.00819 

9.2 

1.0.3367 

0.01 4SS 

5.3 

1.01940 

0.00884 

9.8 

1.03404 

0.01434 

5.4 

1.01976 

0  00850 

9.4 

1.03440 

0.01469 

5.5 

1.02013 

0.00863 

9.5 

1.03477 

0.01484 

5.6 

1.020.)0 

0.00881 

9.6 

1.0.3514 

0.01500 

5.7 

1.02086 

0.00896 

9.7 

1.03530 

0.01515 

5.8 

1.02123 

0.00912 

9.8 

1.08387 

0.01580 

5.9 

1.02169 

0.00927 

9.9 

1.03628 

0.01545 

TABLES. 
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L 

Nmnbcr. 

• 

I^. 

«. 

Number. 

log. 

-M0.0 

1.03660 

0.01561 

0 

4-14.0 

1.05124 

0.02170 

10.1 

1.03697 

0.01577 

14.1 

1.06161 

0.02186 

10.2 

1.03733 

0.01692 

14.2 

1.05197 

0.02200 

10.8 

1.03770 

0.01607 

14.3 

1.06234 

0.02216 

10.4 

1.03806 

0.01628 

14.4 

1.05270 

0.02230 

10.6 

1.03843 

0.01689 

14.6 

1.06:i07 

0.02246 

10.6 

1.03880 

0.01653 

14.6 

1.06344 

0.02261 

10.7 

1.03916 

0.01669 

14.7 

1  05360 

0.02276 

10.8 

1.03953 

0.01683 

14.8 

1.05417 

0.02291 

10.9 

1.039S9 

0.01698 

14.9 

1.05453 

0.02306 

U.O 

1.01036 

0.01714 

15.0 

1.05490 

0.02321 

11.1 

1.04063 

0.01729 

15.1 

1.05627 

0.02336 

11.2 

1.04099 

0.01744 

15.2 

1.05563 

0.02361 

11.8 

1.04136 

0.01759 

15.3 

1.05600 

0.0-2366 

11.4 

1.04172 

0.01775 

15.4 

1.05636 

0.02381 

11.6 

1.04209 

0.01790 

15.6 

1.05673 

0.02896 

ll.« 

1.04246 

0.01805 

1.).6 

1.05710 

0.02411 

11.7 

1.04282 

0.01820 

16.7 

1.05746 

0.02426 

11.8 

1.04319 

0.01836 

15.8 

1.05783 

0.02441 

11.9 

1.04355 

0.01851 

15.9 

1.05819 

0.02456 

12.0 

1.04392 

0.01867 

16.0 

1.05856 

0.02471 

12.1 

1.04429 

0.01882 

16.1 

1.06893 

0.02486 

12.2 

1.04466 

0.01897 

16.2 

1.06929 

0.02601 

12.3 

1.01502 

0.01912 

16.8 

1.06966 

0.02516 

12.4 

1.04538 

0.01928 

16.4 

1.06002 

0.02531 

12.6 

1.01573 

0.01943 

16.6 

1.06039 

0.02646 

12.« 

1.04612 

0.01958 

16.6 

1.06076 

0.02661 

12.7 

1.04648 

0.01973 

16.7 

1U)6112 

0.02576 

12.8 

1.04685 

0.01989 

16.8 

1.06149 

0.02591 

12.9 

1.04721 

0.02004 

16.9 

1.06185 

0.02606 

13.0 

1.04758 

0.02019 

17.0 

1.06222 

0.02621 

13.1 

1.01795 

0.02034 

17.1 

1.06259 

0.02636 

13.2 

1.04831 

0.02049 

17.2 

1.06296 

0.02651 

18.3 

1.04868 

0.02064 

17.8 

1.06332 

0.02666 

13.4 

1.04901 

0.02079 

17.4 

1.06868 

0.02681 

13.6 

1.04941 

0.02095 

17.6 

1.06406 

0.02696 

13.6 

1.04978 

0.02110 

17.6 

1.06442 

0.02711 

18.7 

1.05014 

0.02125 

17.7 

1.06478 

0.02726 

13.8 

1.06051 

0.02140 

17.8 

1.06516 

0.02741 

18.9 

1.06087 

002166 

17.9 

1.06551 

0.02756 
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wo 


tABCiES. 


1. 

Nanbcr. 

Log. 

k 

NoDlMr. 

Lof. 

o 
H-18.0 

1.06688 

0.02771 

H-22.0 

1.06058 

0.03868 

18.1 

1.06625 

0.02786 

22.1 

1.0S069 

0.03878 

18.2 

1.06661- 

0.02801 

22.2 

1.08125 

0.03898 

18.8 

1. 06698 

0.02816 

22.8 

1.08162 

0.08406 

18.4 

1.06784^ 

0.02831 

22.4 

1.08198 

0.03422 

18.5 

1.06771 

0.02846 

22.5 

1.08235 

0.034S7 

18.6 

1.06808 

0.02861 

22.6 

1.08272 

0.08452 

18.7 

1.06844 

0.02876 

22.7 

1.08308 

0.08466 

18.8 

1.06881 

0.02891 

22.8 

1.08845 

0.08481 

18.9 

1.06917 

0.02906 

22.9 

1.08381 

0.08496 

19.0 

1.06954 

0.02921 

23.0 

1.08418 

0.03510 

19.1 

1.06991 

0.02936 

23.1 

1.08453 

0.03523 

19.2 

1.07027 

0.02951 

23.2 

1.08491 

0.03539 

19.S 

1.07064 

0.02965 

23.8 

1.08528 

0.03554 

19.4 

1.07100 

0.02960 

23.4 

1.08564 

0.03568 

19.5 

1.07137 

0.02995 

23.5 

1.08601 

0.08593 

19.6 

1.07174 

0.08009 

23.6 

1.08638 

0.03593 

19.7 

1.07210 

0.03024 

23.7 

1.08674 

0.08612 

19.8 

1.07247 

0.03039 

2.3.8 

1.08711 

0.03627 

19.9 

1.07288 

0.03053 

23.9 

1.08747 

0.03612 

20.0 

1.07320 

0.0306S 

24.0 

1.08784 

0.03656 

20.1 

1.07357 

0.03063 

24.1 

1.0S821 

0.03671 

20.2 

1.07893 

0.03098 

24.2 

1.08S57 

0.036^3 

20.3 

1.07430 

0.03113 

24.3 

1.08894 

0.03700 

20.4 

1.07466 

0.08128 

24.4 

1.08930 

0  0:5714 

20.5 

1.07503 

0.03142 

24.5 

1.08967 

0.03729 

20.6 

1.07540 

0.03167 

24.6 

1.09004 

0.03744 

20.7 

1.07576 

0.03172 

24.7 

1.09010 

0.03758 

20.8 

1.07613 

0.03187 

24.8 

1.09077 

0.03772 

20.9 

1.07649 

0.03201 

24.9 

1.09113 

0.037S7 

21.0 

1.07686 

0.03216 

23.0 

1.09150 

0.03802 

21.1 

1.07723 

0.03281 

25.1 

1.09187 

o.oiwn 

21.2 

1.07739 

0.03246 

23.2 

1.09223 

0.038.^1 

21.3 

1.07796 

0.03261 

23.3 

1.09260 

0.03846 

21.4 

1.07882 

0.08275 

23.4 

1.09296 

0.03860 

21.5 

1.07869 

0.08290 

23.5 

1.09333 

0.03873 

21.6 

1.07906 

0.08305 

25.6 

1.09370 

0.08889 

21.7 

1.079^2 

0.03820 

23.7 

1.09406 

0.03904 

21.8 

1.07979 

008884 

23.8 

1.09143 

0.a')918 

21.9 

1.08015 

0.08349 

25.9 

1.09479 

0.03938 

711 


u 

Vmt^bm. 

Lo» 

i» 

NWibMB. 

I^ 

-^26.0 

1.09516 

0.089 1» 

-^30.0 

1.10980 

0.04524 

26.1 

1.0955S 

0.03968 

80.1 

1.11017 

0.04538 

26.2 

1.09569 

0.03977 

30.2 

1.11053 

0.04552 

26.^ 

1.09626 

0.03992 

80.3 

1.11090 

0.04567 

26.4 

1.09662 

0.04006 

30.4 

1.11126 

0.04581 

26.» 

1.09699 

0.04021 

30.5 

1.11163 

0.04595 

26.6 

1.09736 

0.04085 

30.6 

1.11200 

0.04610 

26.7 

1.09772 

0.04050 

30.7 

1  11286 

0.Q4624 

26.8 

1.09809 

0.04064 

80.8 

1.11278 

0.01688 

26.9 

1.09845 

0.04079 

80.9 

1.11309 

0.04653 

27.0 

1.09882 

0.04093 

81.0 

1.11346 

0.04667 

27.1 

1.09919 

0.04107 

81.1 

1.11383 

0.01681 

27.2 

1.09955 

0.04122 

31.2 

1.11419 

0.04695 

27.S 

1.0999) 

0.04136 

81.3 

1.11456 

0.04710 

27.4 

1.10028 

0.04150 

81.4 

1.11492 

0.01724 

27.5 

1.10065 

0.04165 

31.5 

1.11529 

0.04738 

27.6 

1.10102 

0.04179 

31.6 

1.11566 

0.04758 

27.7 

1.10138 

0.04193 

81.7 

1.11602 

0.04767 

27.8 

1.10175 

0.04208 

81.8 

1.116.19 

0.04781 

27.9 

1.10211 

0.04222 

81.9 

1.11675 

6.04796 

28.0 

1.10248 

0.04287 

32.0 

1.11712 

0.04610 

28.1 

1.10285 

0.04251 

82.1 

1.11749 

0.04824 

2S.2 

1.10121 

0.04266 

82.2 

1.11785 

0.04838 

2d.3 

1.10358 

0.04280 

8*2.3 

1.11822 

0.04852 

28.4 

1.10391 

0.04*295 

82.4 

1.U858 

0.04866 

2S.5 

1.10431 

0.04309 

82.5 

1.11895 

0.04881 

28.6 

1.10168 

0.04323 

82.6 

1.11932 

0.04895 

28.7 

1.10301 

0.04338 

82.7 

1.11968 

0.04909 

28.8 

1.10541 

0.04352 

32.8 

1.12005 

0.04923 

28.9 

1.10577 

0.0i367 

82.9 

1.12041 

0.04988 

29.0 

1.10614 

0.04881 

83.0 

1.12078 

0.04952 

2;).! 

1.10651 

0.04395 

33.1 

1.12115 

0.04966 

2<».2 

1.10687 

0.04410 

33.2 

1.12151 

0.04980 

29.3 

1.10724 

0.04424 

33.3 

1.121S8 

0.04994 

29.4 

1.10760 

001438 

88.4 

1.12221 

0.05008 

29.5 

1.10797 

0.04458 

88.5 

1.12261 

0.05022 

29.6 

I.IOSSI 

0.04467 

83.6 

1.12298 

0.05ai6 

29.7 

1.10870 

0.04482 

83.7 

1.12334 

0.05050 

29.8 

1.10907 

0.01496 

33.8 

1.1*2371 

0.050A5 

29.9 

1.10948 

0.04510 

88.9 

1.12407 

0.05079 
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TABLES. 


t. 

Nmnlwr. 

Log. 

1. 

Nnaiber. 

I-» 

o 
+34.0 

1.12444 

0.05094 

o 
-+•37.0 

1.13542 

0.05516 

34.1 

1.12481 

0.05108 

87.1 

1.13579 

0.05530 

34.2 

1.12517 

0.05122 

87.2 

1.13615 

0.05544 

84.3 

1.12354 

0.05136 

87.3 

1.18652 

0.05558 

34.4 

1.12590 

0.05150 

87.4 

1.18688 

0.05572 

34.5 

1.12627 

0.05164 

87.5 

1.18725 

0.05585 

34,6 

1. 12664 

0.05178 

87.6 

1.13762 

0.05599 

34.7 

1.12700 

0.05193 

87.7 

1.13798 

0.05618 

34.8 

1.12737 

0.05207 

37.8 

1.138.35 

0.05627 

34.9 

1.12773 

0.05221 

87.9 

1.13871 

0.05641 

35.0 

I  12810 

0.05235 

38.0 

1.13908 

0.05655 

35  1 

1. 12847 

0.05249 

38.1 

1.13945 

0.05669 

33.2 

1.12883 

0.05263 

38.2 

1.13981 

0.05683 

35.3 

1  12920 

0.05277 

38.3 

1.14018 

0.05697 

35.4 

1.12956 

0.05291 

38.4 

1.14054 

0.05711 

85.5 

1.12993 

0.05305 

38.5 

1.14091 

0.05725 

35.6 

1.13030 

0.05319 

38.6 

1.14128 

0.05739 

85.7 

1.13066 

0.05333 

38.7 

1.14164 

0.05758 

35.8 

1.13103 

0.05347 

38.8 

1.14201 

0.05767 

35.9 

1.13139 

0.05361 

38.9 

1.14237 

0.05781 

36.0 

1.13176 

0.05375 

39.0 

1.14274 

0.05795 

36.1 

1.13213 

0.05389 

39.1 

1.14311 

0.05809 

36.2 

1.13249 

0.05403 

39.2 

1.14347 

0.05823 

36.3 

1.13286 

0.05417 

39.3 

1.14384 

0.05837 

86.4 

1.13322 

0.05431 

39.4 

1.14420 

0.05850 

36.5 

1.13359 

0.05446 

39.5 

1.14457 

0.05864 

86.6 

1.13396 

0.05460 

39.6 

1.14494 

0.0.5878 

86.7 

1.13432 

0.05474 

39.7 

1.14530 

0.05892 

86.8 

1.13469 

0.05488 

39.8 

1.14567 

0.05905 

36.9 

1.13505 

0.05502 

39.9 

1.14603 

1 

0.05919 

40 

1.14640 

0.05934 

50 

1.1«^300 

0.07298 

41 

1.15006 

0.0fi072 

51 

1.18666 

0.07433 

42 

1.15372 

0.06210 

52 

1.19032 

0.07566 

43 

1.1.57.38 

0.063 18 

63 

1. 19.398 

0.07700 

44 

1.16104 

0.06485 

64 

1.19764 

0.07833 

45 

1.16170 

0.06621 

55 

1.20130 

0.07965 

46 

1.16^36 

0.06758 

66 

1.20496 

6.08097 

47 

1.17202 

0.06893 

57 

1.20862 

0.08229 

46 

1.17568 

0.07029 

68 

1.21228 

0.08360 

49 

1.17934 

0.07164 

59 

1.21594 

0.08491 
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TABLE    XII. 

TABLE  FOR  THE  CALCULATION  OF  THE  VALUE  OF  1  +  0.00367  t. 


u 

log. 

DUL 
131 

1. 

60 

0.08643 

100 

61 

0.03772 

131 

101 

62 

0.08903 

131 

102 

68 

0.09033 

1.H0 

103 

64 

0.09162 

129 

104 

65 

0.09291 

129 

105 

66 

0.09 120 

129 

106 

67 

0.09518 

123 

107 

68 

0.09676 

128 

108 

69 

0.09d03 

127 

109 

70 

0.09930 

127 

no 

71 

0.10057 

127 

111 

72 

0.10183 

126 

112 

78 

0.10309 

126 

113 

74 

0.10434 

125 

114 

75 

0.10559 

125 

115 

76 

0.10684 

125 

116 

77 

O.IOS09 

125 

117 

78 

0.10933 

124 

118 

79 

0.11057 

124 

119 

60 

0.11180 

123 

120 

81 

0.1130) 

123 

121 

82 

0.11426 

123 

122 

83 

0.1I5I8 

122 

123 

81 

0.116Y0 

122 

124 

85 

0.11792 

122 

125 

86 

0.11913 

121 

126 

87 

0.120.34 

121 

127 

88 

0.121.55 

121 

128 

89 

0.12275 

120 

129 

90 

0.12395 

120 

130 

91 

0.12515 

120 

131 

92 

0.12634 

119 

132 

93 

0.12753 

119 

133 

94 

0.12872 

119 

134 

95 

0.12990 

118 

185 

96 

0.13103 

118 

136 

97 

0.13226 

118 

187 

98 

0.13343 

117 

138 

99 

0.13460 

117 

139 

0.13577 
0.13693 
0.1.3809 
0.1.3925 
O.llOll 
O.llloC) 
0.14271 
0.143S5 
0.14499 
0.14613 

0.14727 
0.14341 
0.14951 
0.15067 
0.15179 
0.15291 
0.15103 
0.15515 
0.15626 
0.15737 

0.15S48 
0.15959 
0.lb'0(i9 
0.16179 
0.162«<9 
0.1639S 
0.16507 
0.16616 
0.16725 
0.16333 

0.16911 
0.17049 
0.17156 
0.172H3 
0.17.370 
0.17177 
0.175SI 
0.17690 
0.17796 
0.17902 


Diff. 

f. 

117 

140 

116 

141 

116 

142 

116 

143 

116 

144 

115 

145 

115 

146 

114 

147 

114 

148 

114 

149 

114 

150 

114 

151 

113 

152 

113 

153 

112 

154 

112 

155 

112 

156 

112 

157 

111 

158 

111 

159 

111 

160 

111 

161 

110 

162 

110 

163 

110 

16  4 

109 

165 

109 

166 

109 

167 

109 

163 

108 

169 

108 

170 

108 

171 

107 

172 

107 

173 

107 

174 

107 

175 

107 

176 

106 

177 

106 

173 

106 

179 

0.180«)7 
0.1>112 
0.18217 
0.1>322 
0.134J6 
O.ISVJO 
0.1863  4 
0.1^7  H 
0.18S41 
0.18944 

0.19017 
0.191.50 
0.19252 
0.19.351 
0.I94>6 
0.19-Md 
0.19»i60 
0.19761 
0.19Mi2 
0.1996.1 

0.2'>0|J.3 
0.2  >1(>3 
0.2-»2<>J 
0.iO.:6l 
O.JO  16  I 
0.20.562 
0.20»».| 
0.207J>a 
0.20*<->9 
0.20938 

O.'JIOVI 
0.2I11I 
0  1  52 
0.213  0 
0.21  17 
0.»i:>4l 
0.2 '6  II 
0.2  •  7:8 
0.21»<U 
0.219  ;o 


DUL 


105 
105 
105 
105 
104 
104 
104 
104 
103 
103 

103 
102 
102 
102 
102 
102 
102 
101 
101 
101 

100 

100 

100 

100 

100 

99 

99 

99 

99 

99 

98 
98 
98 
98 
97 
97 
97 
97 
96 
96 
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TABLES. 


1. 

log. 

Dlff. 

t. 

log. 

DUL 

t. 

lof- 

1 
ML 

180 

0.22026 

96 

220 

0.25705 

88 

260 

0.29027 

82 

181 

0.22122 

96 

221 

0.25793 

88 

261 

0.29178 

81 

182 

0.22218 

96 

222 

0.25881 

88 

262 

0.29260 

62 

183 

0.22314 

96 

223 

0.25969 

88 

268 

0.29841 

61 

184 

0.22409 

95 

224 

0.26067 

88 

264 

0.29422 

81 

185 

0.22504 

95 

225 

0.26144 

87 

265 

0.29:03 

81 

186 

0.22599 

95 

226 

0.26231 

87 

266 

0.29584 

81 

187 

0.22693 

94 

227 

0.26318 

87 

267 

0.29664 

80 

188 

0.22787 

94 

228 

0.26405 

87 

268 

0.29745 

81 

189 

0.22882 

95 

229 

0.26492 

87 

269 

0.29825 

80 

190 

0.22976 

91 

230 

0.26578 

86 

270 

0.29905 

80 

191 

0.23070 

94 

231 

0.26665 

87 

271 

0.29985 

80 

192 

0.2:il63 

93 

282 

0.26751 

86 

272 

0.30064 

79 

193 

0.2:i2.-)7 

94 

233 

0.26837 

86 

273 

0.30144 

80 

194 

0.23350 

93 

234 

0.26922 

85 

274 

0.30224 

80 

193 

0.23143 

93 

235 

0.27008 

86 

275 

0.30303 

79 

196 

0.23)36 

93 

236 

0.27094 

86 

276 

0.30883 

80 

197 

0.2362S 

92 

237 

0.27179 

85 

277 

0.30462 

79 

193 

0.23721 

93 

238 

0.27264 

85 

278 

0.80541 

79 

199 

0.23813 

92 

239 

0.27349 

85 

279 

0.30620 

79 

200 

0.2:?905 

92 

240 

0.27434 

85 

280 

0..30698 

78 

201 

0.23997 

91 

241 

0.27519 

85 

281 

0.30776 

78 

202 

0.2  4  OSS 

92 

242 

0.27603 

84 

282 

0..30855 

79 

203 

0.2  4180 

91 

243 

0.27683 

85 

283 

0.30933 

78 

204 

0.24271 

91 

244 

0.27772 

84 

284 

0.31011 

78 

205 

0.24362 

91 

245 

0.27856 

84 

285 

0.31089 

78 

206 

0.24  153 

91 

2  46 

0.27910 

84 

2^6 

0.31167 

78 

207 

0.24)44 

90 

247 

0.2S023 

83 

287 

0.31245 

78 

208 

0.2  1634 

92 

248 

0.28107 

84 

288 

0.31323 

73 

209 

0.24724 

90 

249 

0.28190 

83 

289 

0.31400 

77 

210 

0.2  4^^14 

90 

250 

0.28274 

84 

290 

0.31 477 

77 

211 

0.24J)04 

90 

251 

0.2^3)7 

83 

291 

0.81554 

»"9 

212 

0.2499  4 

90 

252 

0.28439 

82 

292 

0.31631 

77 

213 

0.2>0S4 

90 

253 

0.28522 

83 

293 

0.31708 

77 

214 

0.25173 

89 

254 

0.28605 

83 

294 

0.31785 

77 

215 

0.25262 

89 

255 

0.28687 

82 

295 

0.318H2 

77 

216 

0.2)351 

89 

256 

0.28769 

82 

296 

0.31938 

76 

217 

0.25440 

89 

257 

0.28851 

82 

297 

0..^2014 

76 

21S 

0.25529 

89 

258 

0.28933 

82 

298 

0.32091 

77 

219 

0.25617 

88 

258 

0.29015 

82 

299 

0.32167  1 

76 
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TABLE    XIII. 

JExpojuion  of  Glass. 
TABLE  FOR  THB  CALCULATION  OF  THE  VALUE  OF  l-\'K{f 


-0. 


1'— 1. 

lof- 

DUL 

tf  —  t. 

!•«. 

Diff. 

o 

100 

0.00117 

200 

0.00234 

12 

110 

000129 

12 

210 

0.00216 

12 

120 

0.00140 

11 

220 

C.00257 

11 

180 

0.00132 

12 

280 

0.00269 

12 

140 

0.00164 

12 

240 

0.00281 

12 

150 

0.00176 

12- 

250 

0.00293 

12 

160 

0.00187 

11 

260 

0.00304 

11 

170 

0.00199 

12 

270 

0.00316 

12 

180 

0.00211 

12 

280 

0.00328 

12 

190 

0.00222 

11 

290 

0.00339 

11 

TABLE    XIV. 

TABLE  FOR  THE  CALCULATION  OF  THE  WEIGHT  OF  ONE  CUBIC 

CENTLMETRE   OF  AIR. 

Weight  at  0**  =  0.0012932.  Bo  =  76  c  m. 


u 

loc. 

Diff 

f. 

lOf. 

Dur. 

e 

0 

7.11166 

o 

15 

7.08739 

161 

7.11007 

159 

16 

7.08688 

151 

7.10648 

159 

17 

7.08538 

150 

7.10690 

168 

18 

7.0S388 

150 

4 

7. 105.^)8 

157 

19 

7.09239 

149 

7.10376 

157 

20 

7.08090 

149 

7.10220 

156 

21 

7.07942 

148' 

7.10064 

156 

22 

7.07794 

148 

8 

7.09909 

155 

23 

7.07647 

147 

9 

7.09755 

164 

24 

7.07500 

147 

10 

7.09601 

154 

25 

7.07354 

146 

11 

7.09447 

154 

26 

7.07208 

146 

12 

7.09294 

153 

27 

7.07063 

146 

13 

7.09142 

152 

28 

7.06918 

145 

14 

7.08990 

152 

29 

1 

7.06774 

144 

The  followinf^  corrections  mnnt  be  added  to  the  above  lo^rithms  when  the  barometer 
stands  higher  than  76  c.  m.,  and  subtracted  from  them  when  it  stands  lower.  The 
correction  for  tenths  and  hundredths  of  centimetres  is  found  bj  moving  the  decimal 
point  one  or  two  figures  to  the  left. 


])lffiBe.in. 

Corr. 

Di&tee.m. 

Corr. 

IMff.  hi  e.  m. 

Corr. 

1 

0.0057 

4 

0.0*229 

7 

0.0399 

9 

0.0114 

5 

0.02^5 

8 

0.(U56 

3 

0.0171 

6 

0.(V-U2 

9 

0.U5I3 
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TABLE    XV. 

EXPANSION   OF   SOLIDS. 


Interral  of 
Tttiuperaturo 

Amonotor  BrpaiMfawL 

DodlDAl  FXBCttOQS. 

TalftfriMt. 

Linear  Expansion  determined  6y  Ituvoiiier  and  Laplace. 

English  Flint-Glass,       . 

0°  to  \Q/09 

0.00081166 

TzVf 

Glass  tube  (withoac  lead), 

ti      u        « 

0.00087572 

nVT 

Steel  (not  hardened),     . 

u     a       ft 

0.00107880 

^T 

Steel  (liurdened), 

tt     it       it 

0.00123956 

f4t 

Soft  Iix>n,      .... 

€t       tt          tt 

0.00122045 

viv 

Gold,  ..... 

•     tt       tt         U 

0.00146606 

i^i? 

Copper,          .... 

(t       tt         tt 

0.00171220 

nix 

Brass,         .... 

tt      tt         tt 

0.00186760 

Tir 

Silver, 

tt       tt         tt 

0.00190868 

dr 

Tin, 

tt       tt         tt 

0.00193765 

■Ffs: 

Lead, - 

tt       tt         tt 

0.00284836 

^h 

By  Dulong  and  Petit 

■ 

Platinum,      .... 

(OO  to   lOOO 
(0     to  300 

0.00088420 
0.00275482 

1  iS  T 

Gloss,         .... 

ro   to  100 

•<0     to  200 

0.00086133 
0.00184502 

TlVl 

(O     to  300 

0.00.S03252 

shf 

Iron, 

50     to  100 
^0     to  300 

0.00118210 
0.00440523 

1 
Tiff 

Copper,      .... 

^0     to  100 
"(0     to  300 

0.00171820 
0.00564972 

Bi/  Wolhtston. 

Palladium,     .         .         .         .     |        0°  to  100° 

0.00100000 

ttjVt 

Bf/  Brunner.  —  ExfHinsionfor  < 

me  Degree. 

Ice, 1       —GO  to  OO 

0.0000S75         1 

rfT 

SubPtance. 


Cubic  Expansion  thtermined  by  Kopp 


Fonimla. 


(."ub.  Expaa. 
for  P  C. 


CoppfT, 

L(.'atl, 

Cu 
Pb 

Tin, 

Sn 

Iron, 

Fe 

Zinc, 

Zn 

Cadmium, 

Cd 

Bismuth, 

Bi 

Antimonv, 

Sb 

Sulplmr, 
Galonn, 

S 
PbS 

Zinc-hlonde, 

ZnS 

Iro!i  pvritcs, 

FeSi 

Kutilo* 

TiO. 

Tin  stono. 

SnOi 

Irnn-irlMiU'O, 

Fc.O, 

Ma^ni'iic  iron 
ore, 

Fe.O^ 

0.000051 
0.0001)89 
O.OU0069 
0  000037 
0.000089 
0.000094 
0.00(H»40 
0.000033 
0.000183 
0.000068 
0.000036 
0.000034 
0.000032 
0.000016 
0.000040 

0.000029 


Substance. 


Fluor-spar, 
Arajronite, 
Calc-spar, 

Bitter-spar, 

Iron-spar, 

Hoavy-ppar, 
Colestinc, 

Quartz, 

Orthoclase, 

Soft  fioda  glass. 
Another  sort, 
Hard    potash- 
glass, 


Formnlo. 


:  Cub.  ETpan. 
i     for  PC.    ! 


CaF 
CaO,  COi 
CaO,  CO2 
CaO,  COa 
-i-MpO.  COi 
Fe  (Mn.  Mg)  O, 
COi 
BaO,  SO3 
SrO,  SO3 

SiOs 


I 

(       KO,  SiO,       \ 
\  -¥  AkOs,  3  SiOs  ( 


0.000062 
0U<MM)65  I 
0.UU0018  I 

0.GO0035  I 

0.000035 

I 
0.000058  I 

0.000061 

0.(H)0042 

0.0(HXW9 

0.(XK)026  ' 

0.(MKX)I7  I 

0  0(KX»26 

0.1KKX)24 


0.000021  J 


TABLE    XVI. 

VOLUME  AND  DBNSITT  OP  WATER.  — BY  KOPP. 


■•^ST" 

^■^^-.ir 

ep.Or.orWUcT        VDlan 
'(.1<P-1).                 (« 

4--1). 

[U4'-1). 

o' 

1.000TO 

l.OOOOOO                   1 

00013 

0.999877 

0.99993 

1,000053                   I 

00007 

0.999930 

0.»99»l 
0.99989 
0.9996S 

1.000092                   ] 
1.000115                   1 
1.000123                   1 

00003 
00001 
00000 

0.999969 
0.999992 
1.000000 

0.999SS 

I.OOOIIT                   1 

00001 

0.999994 

0.99990 

1.000097                   1 

00003 

0.999973 

0.99991 

1.00O0(i2                   1 

00006 

0.999939 

0.99999 
1.00005 

1.000011                   1 
0.999932                   1 

00011 
00017 

0.999990 
0.999829 

1.00012 

0.999878                   1 

0OO25 

0.99975S 

1.00021 

0.9997S5                   1 

00031 

0.999664 

1 .00031 

0.9996S6                   1 

00044 

0.999462 

1.00013 

0.999J73                   1 

0005S 

0.999119 

1.000J6 

0.999 115                   1 

00068 

0.99932a 

1.00070 

0.9993OS                   1 

000B2 

0.999183 

1.000S5 

0.999155                   1 

00097 

0.999032 

1.00101 

0.998993                   1 

00113 

0.998869 

1.00119 

0,995SIT                   1 

00131 

0.998695 

20 

1.00187 

1.00157 

0.99S631                   1 
0.99Sl3i                   1 

00149 
00169 

0.99SS09 
0.99^313 

21 

1.00173 

0.9992-'8                   1 

00190 

0. 998 104 

22 
24 

1.00200 
1.00123 
1.00217 

0.998010                   1 
0.9977S0                   1 
0.997S4I                   I 

00212 
00235 

00359 

0.997886 
0.997637 
0.997419 

2S 

1.(j0271 

0.997293                   ] 

00284 

0.997170 

26 

1.00295 

0.097035                   1 

00310 

0.996913 

37 

l.aU319 

0.996767                   1 

00:137 

0.996641 

28 

1.00317 

0.996199                   1 

00365 

0.99b-3e7 

S9 

1.00376 

0.996-202                   1 

00393 

0.996082 

80. 

1.00106 

0.995903                   1 

00123 

0.095787 

S$ 

1.00S70 

40 

1.00753 

45 

1.00954 
1.01177 

IS 

1.01410 

80 

1.016S9 

8B 

1.01930 

TO 

1.02225 

7S 
SO 

1.02S4I 
I.D2S38 

BS 

1.03189 

90 

1.03*10 

SS 

1.03909 

100 

1.01299 

TABLE    XTII. 

FOB  CONTERTINO  DEGREES  OF  THE  CENTIOBADB  THEBUOHS- 
TEB  INTO   DEGREES   OF  rAHllEXHEIT'S   SCALE. 


0». 

",»,. 

Out. 

..„. 

Oont 

f>hr. 

C«l. 

\^,. 

c. 

Iibt, 

—100° 

— 14/.O 

-58° 

—12A 

Zi7 

+b'.2 

+26* 

+7B*.8 

■hSB 

+15l'.4 

99 

116 

2 

57 

70 

s 

15 

6 

0 

27 

60.6 

66 

I56.I 

9B 

111 

4 

6S 

68 

14 

6 

8 

28 

B2.4 

70 

158.0 

97 

112 

6 

6J 

67 

13 

6 

6 

29 

84.2 

71 

1S9.8 

96 

110 

3 

64 

65 

12 

m 

4 

30 

86.0 

72 

161.6 

95 

139 

0 

S3 

63 

11 

12 

2 

31 

87.8 

7S 

163-4 

94 

137 

2 

52 

ei 

10 

14 

0 

32 

99.6 

74 

I6S.1 

93 

13i 

4 

61 

69 

15 

8 

33 

91.4 

73 

167.0 

93 

133 

60 

6S 

17 

6 

34 

93.2 

76 

I68J 

91 

131 

8 

43 

06 

19 

4 

33 

95.0 

77 

i7a« 

90 
89 

130 

0 
2 

47 

52 

21 

23 

2 

0 

36 

96.8 
95.6 

78 
7B 

172.4 
111.3 

S3 

128 

1 

46 

60 

21 

8 

38 

100.4 

80 

\TM 

8T 

121 

6 

45 

49 

« 

6 

39 

tOS.2 

61 

I77.B 

es 

12i 

8 

44 

47 

38 

4 

40 

104.0 

S2 

I7S.6 

8S 
84 

121 

119 

0 
-2 

43 
42 

46 
48 

~o 

30 
32 

2 

0 

42 

105.8 
107.6 

SB 
84 

IBI.I 
I83.I 

83 

117 

4 

41 

11 

8 

+   I 

S3 

8 

43 

109.4 

85 

18J.0 

82 

llj 

40 

40 

0 

35 

6 

44 

111.2 

86 

I!«8 

81 

113 

s 

3!) 

3S 

2 

87 

4 

45 

113.0 

87 

ISS.S 

80 
79 
7S 

110 
IDS 
106 

2 

6 

35 

32 

6 
8 
0 

39 

2 
0 
S 

46 

48 
49 

111.8 
Iti>.6 

iie.4 

120.2 

89 
90 
91 

130.4 
192.3 
191.0 

76 

104 

34 

29 

a 

46 

4 

60 

122.0 

92 

197.6 

75 

103 

J) 

33 

27 

48 

2 

61 

123.14 

IBS.l 

71 

101 

a 

32 

25 

6 

10 

60 

0 

62 

12S.6 

91 

201.2 

73 

S3 

31 

23 

8 

11 

61 

8 

63 

127.1 

95 

203.0 

78 

07 

30 

22 

0 

12 

63 

6 

64 

129.2 

96 

204.8 

71 

85 

g 

29 

20 

2 

13 

65 

4 

55 

131.0 

97 

206.6 

70 

91 

0 

28 

18 

4 

u 

67 

2 

66 

132.8 

98 

20-'.4 

6S 

92 

2 

27 

16 

6 

15 

69 

0 

67 

I34-B 

99 

210.S 

6S 

90 

4 

26 

11 

16 

60 

8 

S8 

136.1 

100 

212.0 

67 

88 

6 

25 

13 

0 

17 

62 

69 

138.2 

101 

213.S 

66 

86 

8 

24 

II 

IS 

61 

4 

60 

140.0 

103 

215.6 

65 

85 

0 

23 

e 

19 

66 

2 

61 

141. B 

103 

217.4 

6J 
63 

83 

81 

2 

22 
21 

6 

ao 
21 

63 
69 

0 

s 

11 

143.6 
143.4 

lOS 

219.2 
2>1.0 

62 

79 

6 

20 

4 

22 

71 

6 

64 

147.2 

106 

22S.8 

61 

77 

S 

19 

2 

23 

78 

4 

65 

149.0 

107 

221.6 

00 

76 

0 

18 

—0 

21 

76 

2 

66 

150.8 

108 

22«.4 

S9 

74 

2 

IT 

+1 

25 

n 

0 

67 

162.6 

109 

nsj 

■ 

1 

1 

P 

T^flti^ 

■ 

" 

710         ^B 

-t-iio' 

«^. 

CBl. 

Futii. 

C-^ 

+102.8 

Cmt. 

tiia. 

0-* 

hhr. 

^ 

+aso°.o 

+158 

+316.1 

+206 

+251 

+4W.2 

+303 

+B75''.6 

III 

231.8 

W.t 

B1S.3 

207 

401.6 

255 

491.0 

803 

677.1 

113 

23:l.e 

InO 

B20.0 

209 

406.1 

256 

492.8 

801 

679.2 

113 

3;ie.4 

1HI 

321.3 

2m( 

408-2 

267 

191.6 

305 

681.0 

^^^ 

III 

237 .2 

urs 

323.6 

210 

110.0 

259 

196.4 

806 

B92.8 

^^^M 

115 

23tf.O 

]ti3 

82">.4 

211 

111.8 

269 

49fl.2 

30T 

591.6 

^^^M 

IIS 

210.8 

ISl 

827.2 

212 

413.6 

260 

BOO.O 

309 

5B6.1 

^^^M 

in 

142.8 

105 

829,0 

213 

416.1 

261 

50  r. 8 

309 

688.2 

^^^M 

ii« 

244.4 

IGH 

330.8 

211 

417.2 

262 

508.6 

810 

690,0 

^^H 

IN 

24ti,S 

1B7 

332.6 

213 

419.0 

26S 

505,1 

311 

691.8 

^^^1 

izn 

24$.0 

16-4 

331.4 

216 

J20.8 

261 

607.2 

312 

583.6 

^^^1 

121 

2t9.S 

169 

SSii.l 

217 

122,6 

205 

.109.0 

318 

596.1 

^^^1 

IS} 

251.8 

17ft 

33S.0 

218 

421.1 

266 

610.8 

311 

697.2 

^^H 

IBS 

2.1  :l,  4 

171 

839.8 

219 

426.2 

267 

612.6 

315 

699.0 

^^H 

■21 

2SS.2 

172 

811.6 

220 

128.0 

2  69 

614.4 

316 

B0U.8 

^^^1 

iti 

2iS7.0 

173 

313  1 

221 

129.8 

269 

Bin. 2 

317 

fi03.H 

^^^1 

IKf 

2Se,S 

171 

84.  S 

jo> 

411.6 

270 

518.0 

818 

804.4 

^^^1 

l!7 

»0.6 

175 

147  0 

221 

111.1 

271 

619.8 

819 

606.2 

^^^1 

139 

262.4 

176 

81«« 

2M 

113.2 

272 

621.6 

320 

608.0 

^^^1 

IS9 

2»I.K 

m 

J60  6 

22a 

187,0 

273 

623.4 

321 

609.8 

^^^1 

130 

ww.o 

179 

85J1 

236 

439,8 

21i 

B25.2 

822 

611.6 

^^H 

IRl 

aS7.8 

179 

SdI" 

2*7 

440,6 

275 

537  0 

323 

6IS.1 

^^^1 

ja2 

133 

269.6 
271.4 

180 
181 

SBflO 

228 
229 

412.4 
411.2 

276 

277 

B28.9 
530.6 

321 
325 

616.2 
617.0 

^1 

HI 

273.2 

\»2 

3  9)1 

2iO 

116.0 

i'8 

632,4 

326 

GIS.S 

^^1 

l»S 

27^.0 

183 

3614 

231 

117.8 

279 

6111.3 

327 

620.6 

^^H 

IX 

27S.9 

181 

3612 

2<2 

119.6 

280 

636.0 

828 

632.1 

^^H 

-|S7 

27S.fl 

IBS 

1610 

231 

151.1 

291 

637.8 

829 

621.2 

^^1 

US 

seft.4 

1S6 

386  8 

211 

453.2 

283 

539.6 

8.10 

626-0 

^^H 

-txe 

2S2.S 

ll'7 

8b8.6 

285 

155.0 

BS3 

641.1 

831 

627.8 

^^^1 

IJO 

B8A.0 

188 

370.1 
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TAfiLES. 


TABLE    XIX. 

TABLE  FOR  THE  REDUCTION  OF  THE  PRESSURE  OF  A  COLUMN 
OF   WATER  TO  A  COLUMN  OF  MERCURY. 


Premurp  of 

Water, 

in  MiUimetren. 

Premure  of 

Men*urv, 

in  MilliuetTM. 

Prawiaraof 

Water, 

In  iUUinieCres. 

Pretaunof 

Merrurj, 

In  Hillinietrea. 

Prewnreof 

Wat.'r, 

In  Millimetres 

Prwroie  of 

Merrarv, 

in  MiUimecrM. 

1 

0.07 

41 

8.03 

81 

5  9S 

2 

0.15 

42 

3.10 

f2 

6.03 

3 

0.22 

43 

8.17 

83 

6  13 

4 

0.:J0 

44 

3.25 

84 

6.J0 

6 

0.37 

4j 

8.::2 

8? 

6.27 

6 

0.14 

46 

3.39 
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8035 

8313 
8414 
8610 
88tO 

901  fl 
9336 
'141 
9661 
9886 

G 

3306 
3381 

8357 
3436 
3316 

3597 
3631 

sTe; 

3S55 
3945 

4237 
4.'i33 
4436 

4339 
4634 
4743 
4853 
4966 

».. 

6331 
6445 
6573 

6T03 

6970 
6109 

•■" 

6357 
6346 
6699 
6853 
7013 

7178 
7345 
7516 
7691 

7870 

8054 

8630 
8831 

9036 
9317 
94«3 
9683 
9908 

7 

3314 
3SS9 

3365 
3443 
3534 

3606 
3690 
3776 
3861 
3954 

4046 

4333 
4436 

4539 
4C4S 
4753 
4364 
4977 

5093 
6313 
5333 

6585 

6715 
6848 
5984 
6134 
6366 

GI13 

CSGl 
6711 
6371 
7031 

T194 
7363 

7709 
7689 

B07S 

9037 

U484 
9705 
9931 

8 

3331 
3396 
3373 
3451 
»Mi 

3614 

3(198 
8784 
3873 
3963 

4055 

434( 

4446 

45S0 
4636 
4764 

4875 
49S9 

510) 
5334 
5346 
5470 
6598 

636? 
6998 
6138 

6381 

6437 

6577 

CSS7 

72!  1 

7379 
T55I 
7737 

""' 

8091 
8379 

867(1 
8873 

9078 
9290 
9506 
9737 
9954 

9 

3338 

3381 
3439 
3540 

3633 
3T07 
3793 

3883 

"" 

4064 
4159 
4256 

"" 

4560 
4667 

47T5 
4SeT 
5000 

511T 

6236 
6353 
5483 
5610 

aT4i 

6152 
6395 

6449 

6T45 

7063 

7328 
7396 
7568 
7745 
7935 

8690 
8S93 

9099 
9311 

933S 
9750 

9977 
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1 
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1 
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3 

3 

3 
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7 
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6 
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6 

6 
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7 
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9 
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!I 

13 
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13 

16 
16 
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6    7 
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6  7  ' 

7  7 
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T     8 
T     8 

T     8 

8  9 
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3     9 
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1 

8  9 

9  10 
9  10 
9,10 
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9.11 

10  11 

lOU 
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1 

10113 
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11  13 
1113 

13  13 
13  14 
13  14  1 
13  14 

y: 

13  15 

14  16 
14  IE 

14  16 

13  17 
13  IT 
13  17 
16  IS 
16  19 
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CONSTANT  LOGARITHMS. 
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Orcumf.  of  circle  when  jB  =  1, 

d 

=   L5708) 

u       u      u         "      i)  =  1, 

(- 

=  8.1416) 

Area  of  circle  when  i?*  =  1, 

(• 

=  8.1416) 

u     u       a           u      2>«=1, 

<i 

=   0.7854) 

u     u       u           a      Qt^  i^ 

(i 

—   0.0796) 

Surface  of  sphere  when  E^  —  1, 

(4, 

=  12.5664) 

u        u         u           ^      jy^zzz  1, 

(» 

—   8.1416) 

u         u          u             u       Qi-^l^ 

<i 

=   0.3183) 

Solidity  of  sphere  when  ip  zz:  1, 

<i- 

=   4.1888) 

u       u      a         u      ff-—i^ 

<i 

=   0.5286) 

44          u        it            a         Q9         1 

(A 

i—   0.0169) 

Log.  of  IT*, 

(^' 

—  9.86960) 

Intensity  of  gravity  at  Paris, 

07 

—  9.80960) 

"         "       "      in  Lat  45°, 

(9 

—  9.80604) 

"         "       "      on  Equator, 

(ff 

=  9.78062) 

Length  of  seconds  pendulum  at  Paris,  (i 

f  =  0.99392) 

No.  of  seconds  in  a  day. 

(86400) 

Specific  Gravity  of  Mercury, 

(18.596) 

Mean  height  of  Barometer, 

(76  c  m.) 

Corresponding  air  pressure  on  c.  m.*, 

(1,033.296) 

0.1961199  9.8038801 

0.4971499  9.5028501 

0.4971499  9JH)28501 

9.895  0899  0.1049101 

8.900  7901  1.099  2099 

1.099  2099  8.9007901 

0.4971499  9.5028501 

9J^02  8501  0.4971499 

0.622  0886  9.3779114 

9.718  9986  0.2810014 

8.227  5490  1.772  4510 

0.994  2907  9.005  7003 

0.9916513  9.008  3487 

0.9914937  9.008  5063 

0.990  3664  9.009  6336 

9.997  3515  0.002  6485 

4936  5137  5.063  4863 

1.133  4112  8.8665888 

1.8808136  8.1191864 

3.014  2248  6.985  7752 
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Absolutb  Wetgrt.    {Be€  Weight) 
Absorption  of  caMS  by  •olids,  879. 

"  ^*  "  laws  of,  881. 

"  "        by  liquids.    {Set  Solu- 

**  of  liquids  by  solids,  868.  Tbility. ) 

Absorption-Meter,  402.    Analysis  or  mixed 

gases  bv«  409. 
A^leratton,  definition  of,  28* 

♦*  of  gravity,  66. 

Action  and  reaction,  law  of,  49. 
Adhesion,  842.    ( And  tee  Osmose. ) 
**         between  gases,  412. 
•*  ♦♦       Squids,  888. 

**      and  gases,  891. 
solids,  842. 
^    and  gases,  879, 883. 
•*     **    liqnids,844. 
phenomena  of,  classified,  842. 
Air.    {See  Atmosphere.) 
Air-Pomp,  with  valves,  829. 
**  without  valves,  826. 

**  degree  of  exhaustion,  827. 

Air-Thermometer,  638.  {See  Thermoscope.) 

**  Regnault's,  684. 

Alcoometer,  6ay-Lussac*s,  264. 
Alloys,  expansion  in  solidifying,  668. 

**       melting-point  of,  650. 
Alumina,  crystallization  of,  120. 
Analogies  of  Nature,  9. 
AnnetOing,  207,  211. 

*«         of  ^lass.  212. 
Antimony,  ratio  or  crystalline  axes  of,  122. 
Arago  ana  Dulong,  experiments  on  Man- 

otte*s  law,  298. 
**  ^         experiments  on  tension 

of  aqueous  vapor,  676. 
Archimedes*s  Law,  286. 

**  **     demonstration  of,  287. 

*«  *"      illustration  of,  286. 

Arsenic,  crystallization  of,  120. 
Arsenious  Xcid,  crystallizatioQ  of,  120. 
Artenian  Wells,  283,  647. 
Aspirator,  826,  892. 
Atmosphere,  buoyancy  of,  268. 
**  dew-point  of,  641. 

**  efi*ects  of  expansion  of,  640. 

pressure  of,  266,  279. 
probable  limit  of,  807. 
relative  humidity  of,  640. 
waves  of,  286. 
Atomic  Theonr,  110. 
Atoms,  size  of,  Boscoyisch*s  opinion  of,  110. 

^  *«       Newton*s  opinion  of,  110. 

Attraction  of  Earth.    (iSee  Gravity.) 
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Axes  of  crystals,  121, 128. 
"    lateral  and  vertical,  122. 

ratio  in  crystals  of  antimony,  122. 

bichromate  of  pot- 
ash, 124.  [122. 
carbonate  of  ume, 
gypsum,  128.  [124. 
sulphate  of  copper, 
"  iron,  128. 
sulphur,  128. 
tin,  122. 
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Babinst,  formula  of,  806. 

Balance,  accuracy  and  sensibility  of,  102. 

centre  of  gravity  of,  how  a(\justed, 
degree  of  sensibility  of,. 106.    [101. 
description  of,  100. 
hydrostatic,  248. 
regarded  as  a  lever,  101. 

''  *'    pendulum,  102.    [94. 

spring,  indicates  absolute  weiglit, 
Balloons,  270. 

"        osceasioiml  force  of^  27L 
Barometer,  Aneroid,  286. 

Bourdon's  metallic,  190. 
common,  284. 
Fortin*s,  282. 
history  of,  276. 
oscillations  of,  286. 
Regnault*s,  280. 
•*  theory  of,  278. 

^  used  in  measuring  heights,  804. 

"  **      meteorolo^,  287. 

'*  various  uses  of,  286. 

Barometrical  Observations,  corrected  for  ca- 
pillarity, 284, 866. 
"  **         correctCKi  for  tem- 

perature, 284, 611. 
Bevelling,  181. 
Bichromate  of  potash,  ratio  of  ciystalliDia 

axes  of,  124. 
Billiards,  illustratiye  of  elasticity,  201. 
Bodies,  collision  of  unelastic,  49. 

**  "        elastic,  196. 

Body,  definition  of,  8. 
Boiler.    {See  Steam- Boiler.) 
Boiling-Point,  determination  of,  669. 

influenced  by  pressure,  666, 
table  of,  666.  [677. 

of  water,  666. 

effect  of  salts  on,  668. 
influenced    by  con- 
taining vessel,  668. 
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Boiling-Point,  use  in  measuring  heights,  567. 
Boracic  Acid,  how  used  in  ciystallizing,  120. 
Boscovisch's  opinion  of  atomic  theory,  110. 
Bonrdon.  (See  Barometer  aiu{  Manometer.) 
Bnovancy  of  gaseK,  268. 

*"  »*  liquicis,  285,  247. 

Bramah's  Press,  220. 
Br^guet's  Metallic  Thermometer,  604. 
Britannia  Bridge,  expansion  of,  508. 
Brittleness,  de^nition  of,  205. 
Brix,  latent  heat  of  vapors,  604. 
Bronze,  tempering  of,  212. 
Bunsen,  absorption-meter,  402. 

"        solution  of  gases  in  liquids,  893. 

"        specific  gravity  of  gases,  671.    By 
effusion,  414. 

**        tension  of  condensed  gases,  593. 
volume  of  gases,  679. 
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Gaoktard  de  la  Toub,  experiments  on 

dense  vapors,  601. 
Calcite,  hardness  of  faces  of,  210. 

**       ratio  of  crystalline  axes  of^  122. 
'*       rhombohedrons  of,  152. 
Capillarity,  846. 

absorption  of  liquids  by  porous 

solids,  863. 
amount  of  pressure,  851. 
effects  of  pressure,  852. 
form  of  meniscus,  847,  349. 
genera]  phenomena  of,  846, 854. 
illustrations  of,  853,  862. 
influence  of  temperature  on,  860. 
numerical  laws  of,  855. 
pressure  resulting  from  molecu- 
lar forces,  349. 
verification  of  laws  of,  857. 
Capillary  Tubes,  height  of   liquid  in,  354, 
**         Plates,  357,  359.  (358,  860. 

Carbonate  of  soda,  laws  of  its  solubility,  876. 

"  *'  lime.    (See  Calcite.) 

Carbonic  Acid,  condensation  of,  596,  609. 
Cathetometer,  165, 281. 
Cements,  843. 

Centre  of  Gravity,  properties  of,  60. 
**  "        position  of,  61. 

'*        oscillation,  definition  and  proper- 
ties of,  70. 
*'         pressure,  220,  240. 
Centigrade  Thennometric  Scale,  436. 
Centrifugal  force,  79. 

"at  equator,  82. 
**      measure  of,  80. 
"      modifying  gravity,  81. 
Centripetal  force,  78. 
Charcoal,  absorption  of  gases  by,  880. 
Chemical  Change,  distinguished  from  solu- 
tion, 871. 
"         Physics,  definition  of,  6. 
Chemistry,  how  distinguished  from  Physics, 
"  the  three  questions  of,  5.  [5. 

Chimney,  theory  of  541. 
Cleavage,  laws  of,  205. 

"         planes  of,  119,  204. 
Clock,  description  of,  72. 
Coefficient  of^  absorption  of  gases.  892. 

**         "  compressibility  of  liquids,  217. 
*•         *•   conmiction  of  heat,  669. 
"         "  cubic  expansion,  492. 
"  elasticity,  186. 
**  expansion  of  gases,  528. 
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Coefficient  of  expansion  of  water,  527. 

••         •*  "       of  mercury,  510, 514. 

**         **  linear  expansion,  4V1. 
Cohesion,  119,  842. 
Coinage,  208. 
Collision  of  elastic  bodies,  196. 

"        *»  unelastic  bodi&s  49. 
Column.    {See  Mercury  Column.) 
Combustion,  heat  fVom,  649. 
Components  and  Resultants,  88. 
Compressibility  of  gases,  115,  278,  648. 
•*  ^        laws  of,  2i7. 

*•  •*        limit  to,  801. 

"  •*   (&<Mariotte'sLaw.) 

'*  of  liquids,  215. 

**         >    of  matter,  illustrations  of, 
,  592.  J113. 

apparatus  of  J^att•- 

rer,  51*8. 
apparatus  of  Thik>- 

rier.  696. 
by  cold,  593. 
bv  pressure,  594. 
Faraday's       experi- 
ments on,  599. 
Faraday's     method, 
595.  r648. 

heat  resulting  trom, 
Condensed  Gases,  boiling-points  of,  592. 
**  freezing-points  of,  599. 
^  latent  heat  of,  609.  plO. 
**  low  temperature  from, 
"  maximum  tension  of,  593, 
"  "       table  of,  595.  [596. 

Condensing-Pump,  883. 
Conduction  of  Heat^  coefficients  of,  669. 
*'        illustrations  of,  655. 
in  crj'stals,  656. 
in  gases,  657. 

**     Grove's  experi- 
ments on,  657. 
in  liquids,  657. 

*•      I)c:«pretz*s  ex- 
periments on,  637. 
in   liquids,    Rnmford's 
experiments  on,  657. 
in    solids,    conductors 

goo<i  and  bnd,  654. 
in  solids,  experiments 
of   Wiedmann    and 
Franz,  656. 
in  solids,  Ingenhousz's 

apparatus,  656. 
in  solids,  laws  of,  665. 
in  various  metuli^,  656. 
Co-ordinates,  definition  of,  20 
Copper,  tempering  of,  212. 
Coniish  Boiler,  616. 
Coulomb,  laws  of  elasticity,  192. 
Couples,  definition  of  mcc£Lauical,  47. 
Crv'ophorus,  609. 
Cn'stal,  axes  of,  121. 
*"        centre  of,  124. 

definition  of,  121. 
parameters  of  planes  of,  124. 
planes  of,  121. 
similar  axes  of,  125. 

"       planes  of,  126. 
size  of,  121. 
{See  Form.) 
Crystalline  form,  119. 
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CmMinine  fnrai,  irlenli'y  nf,  dcflnerl,  IBS. 

"  itructuri",  III". 

OntallltMIon,  uruc*^^  af.  UK. 

w.lM-of,  STi. 
Ci7*lallogniphy,  UU. 

Cirtlali,  clntn^i*  of,  I  lw|  104. 

"       oondai'llaii  of  ImU  in.  (MM. 
"        detenniwWlon  of.  17B. 
"       ripttiuhm  of,  <Si. 

"        irr*!roIiiriliBii<>f,  KO. 

"       moJeli  of.  181, 

"        modiAcltioiu  of,  131.  I'i. 


Daltov's  AppMimttu 
671. 


Ittl. 

I><nir.  IhMnr  of,  OU. 

Dlffu>laiibnttl»,41S. 

•-        tuba  of  Un 


r,  18.    (A«Mim.j 

ot  h«tIn'llqa>dt,«ST. 
jf  wnrer.  tlS.  11«,  640. 
•  on  Maiiulla'*  Lt,w, 


Unhun,  UO. 
piHu,  410. 

"        Dnllon't  Ihsonr  of,  413. 

"        ll1ii«mi«u  or  413. 
Ilnuldi. 

J      Oi 


[384. 


*■'*'," 


Onhnm'i  exprrlmenU  un, 
illiiilrntioRi  uf,  S8*. 
km  of,  )U. 
(^(hmoM). 
,    Shnorphlnn.  1(4. 

Dhlillntion, 
,     DWldinjt  Bill 

b  BifWhllity      

LDucIilliy.SOO. 

I         "        ardor  of,  HT. 

I  Sakmx  •nd  Pellt,  >i|«r[in«Rli  on  expuulon 

"  ormareary.  B0(I,£I4. 

*p««lfle  hdae  of  gMM,  t«t,  48B. 
(&<  Anifni.) 
mict,  dcfimtion  of,  S4. 

I  Xartm,  crnir™  of  grmvih'  uf,  84, 
"       Mccnnicinraf,  U. 
origin  nf  ronn  of,  SS, 
•pnerolibl  Aroro  - '  '" 
on  of  ntat,  411. 


r4is. 

of  Orahjua, 


tir.,  I 


1  of.  IM. 


I  KImHb  bodiM,  nillilion 

I  KlMtlcit7,('nHncifnt  vt.  1K«. 

rtnflalUon  of,  lit. 

lliDlUof,  116.181. 

Ilnluij  ruid  nnliinlioil, 

"  orytuila,  1m! 


"         "  rnUJi,  lti6. 
"  -  tension,  U<ri  of,  1B6, 

•  "  torsion,  I»l. 

■•>'■■        kppllciitiaiis  uf,  IW. 
■•  "         ••        l«w>  of,  IM. 

"       pcrfcct  Md  Imporftel,  116. 
"        Tarietlm  of.  116. 
F.Wtenl^  chomlcal  deOaiUoo  of,  8. 
Knffltw,  diTidlng.  441. 

"      rtoun.  616  tt  wo. 
Equilibrtuin,  meehaalMl,  deflnlllon  of,  SI. 
••  of  lloiiting  bodlc.,  311. 

"  of  Uqnidi.,  US.  [61. 


■*      "      cubic.  *il.  491. 

"  **  llnnr,  431. 4B1. 
hpBl  Bbvntwd  in,  476,  ISO. 
of  gafo,  GIS. 


•Ir-pyromeler,  Bgtt, 
Oawmeimti  of,  f>S8. 
gcnoral  Uw>  of.  681, 
umlhoilt   of  dotermin- 
InfcMO. 

lids,  6<IT, 

'     »ban     Ihs     Ixdlicg- 


changc  of  rnla  with 

tsmiieratiiro^  1 7, 

eiperirooDta  of  Drion, 

6IB. 
oxperinuraU  uf  Kopp, 

Km. 

cxprrinHHits  off  Ian, 

furmulit    for    aleoboU 
otlisr,    noil    oil    of 
tnrp«ntlni>,  &18. 
•-• 'bycnrtu, 


"      Bli",  41t7,  408. 
extvHniSDt*  of  Kopp, 

»x|>i>r1miintii  nfLa  Place 
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Expansion  of  mercnry,  determinatioo  of  ab- 
solute, 608. 
"         "        •*      determination  of  ap- 
parent, 518.       [610. 
"         **       "      empirical  formula  of, 
**         "       *•      method  of  determin- 
ing absolute,  Dulong 
and  Petit,  508,  Beg- 
nault,  509. 
"         "        **      Belation  between  ap- 
parent and  absolute, 
516. 
"         "  water,  520. 
u         44      a      curve  of,  621, 624. 
"         "      "      coefficient  of,  627. 
ti         44      44      determination  of  maxi- 
mum density,  522. 
"         **      **      empirical  formuls  for, 

526. 
**         "      "      experiments    of    Des- 

pretz,  628. 
experiments  of  Pliicker 
and  Geissler,  628. 
"      point  of  maximum  den- 
sity, 620. 
*'    ( See  Maximum  Density. ) 
Extension,  definition  of,  10. 
how  measured,  11. 
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Fahrenheit,  thermometrio  scale  of,  436. 
Faraday,  experiments  on  condensed  gases, 

696,  599. 
Floating  bodies,  laws  of,  241. 
Fluidity,  definition  of.  216. 
Force,  chan^  of  point  of  application,  88. 

**     definition  of  mechanical,  82. 

"      intensity  and  quantity  of,  87,  63. 
laws  governing  dLi*ection  of,  82. 

"      living,  62. 

"      measure  of,  84. 

"     moving,  37.     {See  Momentum.) 

"      origin  of  idea  of,  6. 

"      svnonvmous  with  volition,  7. 

"      unit  of,  36,  93. 
Forces,  centre  of  parallel,  48 

**      centrifugni  and  centripetal,  77. 

"      composition  of,  88,  42. 

»*  "  "  parallel,  43, 47. 

"      decomposition  of,  40. 

"      illustration  of  parallel,  46. 

"      panillelogram  of,  39. 

"      represented  by  lines,  38. 

"      acting  in  the  same  direction,  result- 
ant of,  39. 
Forces,  Molecular,  117,  342.  [361,  3'>2. 

*'  "        pressure  exerted  by,  349, 

Form,  crystalline,  119,  127. 

"      dominant  and  secondary,  130. 

"      essential  and  accidental,  119. 

"      hemihedral,  128. 

»*      holohedral,  127. 

"       principal,  143, 151,  153,  159. 

"       tetartohedral,  129,  156. 

"      {See  Hemihedral  and  Holohedral.) 
Forms  of  crystals.    Dimetric,  142.    Hexago- 
nal, 147.  *  Monoclinic,  163.     Monometric, 

132.     Triclinic,  168.     Trimetric,  168. 
Formula? :  — 

Absolute  expansion  of  mercury,  609. 

"         weight,  87. 
Air-thermometer,  636  -  689. 


FormnliB:  — 

Air-pump,  827,  828. 

Analysis  of  gases  by  absorptioD,  411 

Apparent   expansioD    of   mercury, 

513,  614. 
Apparent  and  absolute  coefficient  of 

expansion,  616. 
Ascensional  force  of  baUooo,  272. 
Barometrical  observations  ooiTected 

for  temperature,  511,  612. 
CapUlarity.  857,  858. 
Centrifugal  force,  80-88. 
Coefficient  of  expansion  and  specific 
gravity,  496.  [616. 

C<^fficieut  of  expansion  of  solids. 
Collision  of  elastic  bodies,  196-198. 
^         nnelastic  bodies,  49-6L 
Compensating  nendulum,  506. 
Conuuction  of  neat,  659. 
Correction  of  thermometric  observa- 
tions, 449. 
Couples,  47. 

Decomposition  of  forces,  41. 
Density  and  weight,  91. 
Dimensions  of  safety*- valve,  620. 
Effusion  of  gases,  416. 
Elasticity  of  flexure,  188. 
"  tension,  1S6. 

"  torsion.  192. 

Expansion  by  heat,  492, 498. 

**         of  gases,  529. 
/       "  "       determination  of. 

Heat  of  fusion,  660.  [531,  532. 

Hydrometer,  251,262. 
Intensity  of  gravity,  66. 

"  **         at  diflerent  hiti- 

tudes,  77. 
La  Place's  and  Babinet's,  305. 
Latent  heat  of  steam.  607. 
Mariotte's  fia^k,  323,  324. 
»'         law,  2i?7,  288. 
Mass  and  density,  18. 
Measure  of  forces,  36. 
Measurement  of  height  by  barome- 

eter,  304,  305. 
Momentum,  37. 
Parallel  forces,  45. 
Parallelogram  of  forces,  40. 
Pendulum,  68,  69,  73,  75,  76. 
Person's  law,  561,  668. 
Power  or  quantity  of  a  force,  58. 
Pressure  oi  atmosphere,  279. 

"  li^iuid-;,  219,  227,  232. 

Psychrometer,  644. 
Keduction   of  tl:ermometric   scales, 
436.  446. 
of  volumes  of  pases   to 
standard  pres.-ure.  314. 
of  volume  of  moi>t  ga^es, 
637. 
Belative  and  absolute  weight,  95.  [96. 
Relative  specific  weight  and  density, 
Relative  specific  weight  and  relative 

weieht,  96. 
Relative  weight  and  mass,  96,  96. 
Safety- tubes,  816.  817. 
Size  of  thermometer-bulb,  446. 
Solution  of  gjise^,  394. 

"      of  mixed  gases,  406, 407, 409. 
Solubility  of  salts,  367. 
Specific  gravity,  247  -  249,  257. 
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specific  irrailtr  uiil  miiM,  M. 
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"  •IhI  WBIgllf.  Wl. 

"      rf  Ilquidt  miTMUd  ft*  iBin- 

[xraliire,  EW. 
"       of  MiUile   oimctw!  Tor 

"     of  TKpon,  en.  an. 

"       refnrrail  lo  ur  lOil  watei 

"       might  and  rnlume,  93. 
SpMlflc  he«t  uTguvit  unilereoc 
volatile,  mi. 

"  "    methotl  of  nislurc,  IBS. 

Spn'ific  welgJit,  W. 

Svpiion,  m.  [SM. 

Tpiisioo  and  tetnpemtnre  of  vapors, 

"    volume  of  voport,  fiBS. 

'        of  i^uwiu  vapor,  ftSl. 
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Variallon  of  grnvEty  wiLb  heigbc,  si 
Velocilv  of  UDad.  483. 
Volume  Dr«lcab<^  etc.,  ei«. 

"      of  gB««,  881. 

"      oriiMraurv.fill. 

"     of  water,  M7.  [BTO, 

Weight  of  gai,  reduced  for  latitude, 
•'^    ofone,TT*of«i»,«8«,«S>. 
"     orboAinlanir.MV. 
Voolf't  appanttai,  31U,  SJO. 
FnukHn,  on  abforptlon  trT  heat,  est. 
French  Sy«Win  of  WelghU,  (W. 
Freeiiiig  mlzrnno,  iM. 

"         "of  wilier,  MD. 
"         "  "     efl«otofialtioa,UR. 

1,  heat  of.  «4S. 

e,  bDt4iir,  fiU. 

of  lolidi,  filH,  MI.   f  5m  Melting  owf 
ling  Poinu^  asrf  Heat  of  Fiuioii. ) 
if  eolid*,  vitnoai,  U8.  tSST. 

**      ckungeiH'iralniDeatletidiug, 

9,  prapcMitioii  of  coinpaimoa  of  re- 

[miiariiil,  14. 

,bwr,.ti..T.  uf,  bv  •oli.U.  JTB. 

omnnfMihiliU  of.  US,  Wa,  3ST. 

«iid«ii-wtioii or.   (&rCniiden>ation.) 

Ollduclliin  of  heet  bv,  KST. 

leKniliiMi  of  uuvlliljur.  SS4. 
dinatlon  of  prewon  of,  lU. 
tlKuioDof.    (3MKffu9<on.|       [115. 
•ianieitjroC  perfect  atid  unlimited, 
•xnuwian  of.    (&a  Expunioo.) 
fltlUltvaf,tM. 
Rwniatian  of  vapor  In.  AM. 
how  diitinguliOFd  from  liquid*,  STl, 
"  *■  vipon,  itU. 


iRnnluion  ot  preann,  164. 
mniralinn  of,  4IT. 
lume  of,  dTB.    iSf4  WeighlD^  and 
Uawuring.) 
"        haw  reduiH^  to  atandard 
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c,  wlubillQ'  of  sulphate  of  •oda. 

Qeoinelry,  lubj act-matter  of,  II. 
tilaee,  auDcaiiiiK  of.  311. 
"     expaiuion  of,  a(  diflemot  lenipenk- 
turea,  l»fl,  4M. 
Glauber  Sol  to.     (^e  !kilphale  of  Soda.) 
Uuld-Lear,  Uluilnlet  divnibiilty  of  lu  " 


maminiciure  of,  KM. 

Goniometor.  AppllPtttlon,  1T7. 

UcaoctivB,  ITS. 

"  "  Babinel's.  188. 

"  "  Ualdinnr'i.  1S8. 

"  -  MiUoUerllch'i,  IB 

"  Badbwg'ii,  Itt. 


[IDS. 


4  IS. 


"  "  traispiralion,  417. 

flnillrh  and  Peknrek'i  Scleroawier,  30K. 
Gramme,  deHnitlon  of,  89. 
GroMi,  on  compretsibililj  of  Uquiils,  317. 
OmviOition,  law  of,  8S. 
Gravity,  acceleration  of,  OS. 
"        Borda'tand  Canlai'* 
on,  74. 
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«,  77. 


tnciuurod  bT  pendnlnm.  7S. 
point  of  aiiplieation  oreiutb'ii,  66. 
prupoTtional  to  qoanlity  of  matto-, 
rc'ultani  of  formi  of.  BS.  {St. 

(nlue  of.  at  dllDnent  lalitodai.  Tit. 
vari«  with  diitance,  iS. 
(See  Specific  GntvUy-l 
m,  form  of  crvitalt  of,  1T4. 

ratio  uf  ciTitallltw  aiei  of,  13t. 

HiLMimov,  nnamion  of  water,  £18, 
Uardoeu,  deAnilion  of,  108 
■■         how  meuunsd,  308. 
"        ofcrvir»l«.  109. 
"         Hwle  of,  mt. 
»         •clarometer,  30*. 
Heal,  ■  repulniv*  f»r»,  118. 
■•      abwrbed  by  eipaiuion,  «Tt,  4U. 
"     BQ  «ipan*<ve  (brae,  4M. 
"     central,  MT. 
■•     deAnltlDQ  of,  410. 
**     maehaniral  eqaivalant  of,  4M,  tSS. 

**     (dlMsOoDdoctluo,  IIaiIlaat,&Soiin:ea.] 
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Heat  of  Fusion,  656. 

"■  ^       treexing  miztnre,  566. 

**  ^       how  determined,  559. 

**  ^       Penon^s  law  560. 

Hemihedral  Forms,  128, 185,'  188,'  145,  149, 
Hemi-octahedrons,  168.  [161, 167. 

Hemi«prisms,  166. 
Hemitroi>e9, 174. 

Holohedml  Form.  127, 188, 142, 147, 158, 16ft. 
Hopkins,  effect  of  pressure  on  melting-point. 
Hydrometer,  249.  [550. 

''  Baum^'s,  258. 

»  Fahrenheit's,  251. 

»  Nicholson's,  250. 

^  Rousseau's,  255. 

Hydrostatic  BaUnoe,  248. 

"*  Paradox,  228. 

"*  Prew,  220. 

Hygrometer,  689. 

"«  Daniell's,  648. 

*"  Delnc*s,  645. 

*"  Hair,  645. 

*^  Begnault*s,  642. 

**'  Saussure's,  645. 

*"  Wet-bulb,  644. 

Hygrometrr,  686. 

*"  Daltoo*s  laws,  688. 

*^  dew-pobit,  641. 

**  drying  apparatus,  646. 

^  formation  of  mixed  rapors,  6S8. 

•*  **       ofyaporinair,  686. 

*^  relatiye  humidity  of  air,  640. 

^  tension  of  yapor  in  air^  686. 

**^  yolume  of  moist  gases,  how  re- 

duced, 637. 
Hypothesis,  how  rdated  to  law,  7. 

Ibcpenetrabilitt,  definition  of,  19. 
India-rubber,  adhesion  of,  843. 

**-  used  for  joints,  848. 

Inertia,  definition  of.  32. 
Iodine,  crystallization  of,  120. 

Joule,  mechanical  equiyalent  of  &eat,  484, 
633. 

Kater,  experiments  on  the  pendulum,  12,71. 
Kilogramme,  origin  and  history  of,  15. 
Klino-diagonal  axis.  128, 164. 
Kopp,  change  of  rolnme  in  fusion,  551. 

"     cubic  expansion,  496. 

^     expansion  of  liquids,  516. 

^     yolume  of  water  at  different  tenq>era- 
tnres,  526. 

La  Place,  formula  oC  805. 

"  velocity  or  sound,  482. 

Latent  Heat.    ( <Se«  Heat  of  Fusion.) 
Latent  Heat  of  Vapor,  603. 

"  **^       application  in  case  of 

steam,  611. 
"  **        Brix's  experin^ents  on, 

cryophoni8»  609.    [604. 
determination  of,  ^8. 
"  **        illustrations  of,  608. 

"  "in  equal  rolumes,  606. 

•*  **        in  steam    at   different 

temperatures,  606. 
**  •*        LeshVs  experiment  on, 

609. 
•*  "       porous  water-jars,  608. 
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Latent  Heat  of  Vapor,  Begmuilt*t   czMd 

meats  on,  607. 
"      solid  carbonic  acid,  616. 
"     spheroidal  cooditkn  «f 
liquids,  61 L 
»  **'.     Watt's  theory,  606. 

latitude,  yariskion  of  grayity  with,  76. 
*^  *^       of  weifiit  of  gases  with, 

670. 
Layoisier  and  Laplaee,  meaearemeat  of  lin- 
ear expansion,  494. 
Law,  eriterioQ  of  its  yaUdity,  8. 
**■    Daltoo's,  688. 
*^    definition  of,  7. 
*^    Mariotte's,287. 
"    nature  of  a  physical,  7, 800. 
**    of  grayitation,  86. 
•*    Person's,  860. 
*^    relation  of,  to  Diyine  Ifind,  7. 
"    Watt's,  606. 
Laws  of  capillarity,  856. 
"        cleayace,  205. 
"        erystafiine  symmetry,  182. 
"        difiusion  of  gases,  420. 
"  •^         Bquids,  883. 

"        Du]ong,484, 469. 
**       elasticity,  166. 
"        liquid  equilibrium,  229. 
**  ^      pressure,  227. 

solution  of  gases,  392. 
torsion,  192. 
transpiration,  417. 
Length,  units  of,  English,  11.    French,  14. 
Lesne's  experiment,  609. 
Le^-er,  arms  of,  98. 

"     conditions  of  equilibrium  of,  98. 
general  theory  of,  97. 
three  kinds  of,  97. 
Leyerage,  definition  of,  100. 
Li^t,  plane  of  polarizaticMi  rotated  by  crys^ 

tals.  162, 167. 
Liquid  state,  117. 

Liquids,  adhesion  to  solids.     (Ste  Sc^ids.) 
"        centre  of  pressure  of,  220. 
**•        characteristic  properties  of,  215. 
"-        compressibility  of,  114,  216. 
'*'        diffusion  of,  363.    (Str  Diffusion.) 
"        direction  of  pressure  of,  219. 
**        elasticity  of,  115,  215. 
**        expansion  of.    (See  Expansion.) 
•*"        how  distinguishes!  fmm  gns^.  278. 
"        laws  of  boo\-ancv  of,  235  -  247. 
**  ^       equilibrium  of,  226  -  iSl. 

•*  "^       pressure  of.  224-227. 

**        mechanical  condition  of,  21a. 
"        pressure  dne  to  grarity,  223. 
"        principle  of  Archimedes,  235. 
"        specific  gravity  of,  247  et  $tq.,  665, 
""        spheroidal  condition  of.  361. 
**        transmission  of  pressure,  218. 
"        yolumo  of,  666.    (<See  Weigliingand 
*^  Measuring.) 

Litre,  17. 

Locomotive  Boiler,  618. 
"  Enpne,  028. 

Loewers  experiments  on  solubility  of  carbo- 
nate of  soda,  376. 
•*  **  on.  solubility  of  sul- 

phate of  ^o<la,  874. 
*^  **  (Ml  supersaturated 

lutions,  378. 
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_"    hUMIT  of.  3B0. 
■  ■■    Illmlrmlioai  of.  3BS. 
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dafinllion  of,  t. 
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nic^jHnpenlei,  K. 

cU   of   talU 

"  "        bUloty    of    di>- 

coverv  of  G33. 
'*  "        import&nt  ba»p- 

Ing«  of,  5IG. 
B,Eng!ilb^J^teInof.  11.   (SwVBrd.) 
Freiinh  *y*Min  of.  ita  hUlory,  14. 
I  Ueuoring.    (See  Waighing  mid  Meuioring.) 
I  )lMh«ilrii,  rohiwi-raiitier  of,  SI. 
»  "  -^.Polnt,  648. 

"  efftnt  tt  prcMUTD  on,  tEO. 

"  of  •llny^,   daMrroloitiOii  of. 

I  JtuiUcUK.  fona  of,  StT.  818.  [I>6t. 

■'  «rbit«rr  *c«le,  448. 

rullbnition  of,  448. 
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"  *•  filling  of,  483. 

'  "  jrmdualioD  of,  438. 

"  "  obtervalions,       how 

comcMil,  448, 
"  "  *Ii«i>r  balb  of,  44S. 

■■       %<[»«n-fnii  of.'    {Set  Ex- 
paiulon.) 
JlBtAMnm,  dednlUon  dT,  IM. 


Mfltkli,  aryttBllliBllon  of,  130. 

"      iiriglii  uid  bistniy  of,  14. 
•>      wbdivlston*  nf,  17. 
Mltwhorliob,  upiuiaion  afrri-ilak,  4)8. 

"  f^lometor,  1S3. 

ModlfloktioM  of  crntaJi,  131. 

■■  ■'  U*«  of,  Wi. 

Mr>b>'(  tuts  of  hardOM*.  SOft. 
MolscalHr  forcM,  Ivd  cImsm*  a£  IIT.    {St 

Unmrnt,  ricflnllion  of;  100. 
.Mompntnin,  dcfinillon  of,  87. 
Motion,  B  mlsli™  terra,  31, 

•'        an  eucntial  pmperty  of  matter,  31. 

"        EompODnd.  37. 

"        curvilinear,  how  re^ulllng,  30. 

■'        origin  of  idr--'  "■ 

■■        puallelo^n 

■■         pntslbleinH  _ , 

"       uniform,  and  varying,  33.  [31. 
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drilniiion  of.  8B. 
formala  uf,  88.  «>. 
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bow  alTivlwl  hv  the  air,  It. 

Kaur**  axpcHmBiit*  on,  11,  71. 
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"         virtual  leagth  of.  TO. 
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Porosity,  110. 

**        Florentine  experiments  on,  112. 

"         illustrations  of^  111. 

^         implies  compressibilitj,  118. 
Position  of  a  bodv,  how  defined,  20. 

**        origin  or  idea  of,  20. 
Pomid,  Troy  and  Avoirdupois,  90. 

"      United  States  standard,  90. 
Power  of  a  force,  87,  62. 
Pressure  of  the  atmosphere,  266. 

•*  "  **  measured  by  ba- 

rometer, 279. 

RADIA2IT  Heat,  651. 

"  "        absorption  of.  662. 

**  ^       analogous  to  light,  661. 

''  "        emission  of,  668.         [668. 

"  "       Franklin*s     experiments, 

**  **       freezing  water  by  radia- 

tion, 664. 
hot-beds,  664. 
laws  of,  661. 
phenomena  of  dew,  668. 
radiation  of  cold,  661. 
reflection  of,  662. 
transmission  through  me- 
dia, 662. 
BetHgerator,  648. 

Begnault,  comparison  of  thermometers,  489. 
**        determination  of  tension  of  va- 
pors, 676.  [296. 
experiments  on    Mariotte*s   law, 
**           on  specific  heat,  466, 
[467,469,471,474,476. 
hygrometer,  642. 
hygrometry,  644,  646. 
latent  heat  of  aqueous  vapor,  607. 
method  of  weighing  gases,  270. 
specific  gravitv  of  gases,  667. 

»'  "     '  of  vapors,  676. 

weight  of  gases,  667. 
Relative  Weight.    {See  Weight) 

"        specific  weight,  96. 
Rest,  a  relative  term,  21. 
Rhombohcdron,  149. 
Rolling-Mill,  206. 
Rumford,  conduction  of  heat  in  liquids,  667. 

»*  heat  of  friction,  648. 

Rupert's  Drops,  212. 
Rupture,  resistance  to,  201. 
law  of,  202. 
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Safett-tubes,  theory  of,  816. 

"        valve,  619. 
Savart,  elasticity  of  crystals,  196. 
Scalenohedron,  163. 
Sclerometer,  209. 
Section,  principal,  151, 169. 
Set,  definition  of,  116,  194. 
Silliman,  diffusion  apparatus,  428. 
Similar  axes,  125. 

"       edges,  181. 

»*       planes,  126, 176. 

**       solid  nngles,  181. 
Siphon,  theorv  of,  820. 
Solid  state,  117. 
Solids,  absorption  of  liquids  by  porous,  868. 

"  "  of  gases  by,  879. 

"      adhesion  between,  842. 

"  "        to  liquids,  Gay-Lussac's  ex- 

periments, 346. 
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Solids,  characteristic  properties  <£,  119. 
^      oominnessibility  of,  118. 
^     conanction  of  heat  in,  666. 
**      elasticitY  of,  imperfect  and  limited, 
^      ftisionof.    (iSee  Fusion.)  [116. 

**      porosity  of;  110. 
**      specific  gravity  of;  91, 247,  662. 
**      volume  of,  664. 

'*      weight  of.  87, 100, 661.    {SuW^ifir 
ing  and  Measuring.) 
Solubility  of  carbonate  of  soda,  876, 877. 
"*         of  sulphate  of  soda,  872  -  876. 
**         of  gases,  causes  of  variation,  898. 
**  **        coefficient  of  absorptioo, 

892. 
**  ^        determination  of  coefB- 

cient,  898. 
expression  by  empirical 

iormulse,  898. 
mixed  gases,  406.  [894. 
variation  with  pressure, 
variation  with  tempera- 
ture. 898. 
**        {See  Absorption-Meter.) 
of  solids,  curves  of,  867. 

**        determination  of,  869. 
«<        empirical   formuls    of; 

866. 
**        uninfiuenced  by  fusion, 
869. 
**  **        variation  with  tempera- 

ture, 866. 
Solution,  how  distinguished  from  chemical 
change,  871. 
"        of  gases,  892. 
"        of  solids  in  liauids,  866. 
'*        supersaturateu,  876. 
Sources  of  Heat,  647. 

"  "      central  heat,  647. 

"  "      calculations  of  Fourier,  647. 

"  "      chemical,  649. 

"  **      condensation,  648. 

"  »»      friction,  648. 

**  "      percussion,  648. 

"  "      sun,  647. 

Sp.  Gravity,  91,  247. 
"  bottie,  247. 

*^  methods  of  determining,  247- 

267. 
**  ofgases,  98, 273.  [414. 

"  "        determined  by  effusion, 

"  "        referred  to  air,  93. 

"  relation  to  specific  weight  in 

French  system,  92. 

Sp.  Heat,  464. 

of  gases,  476,  478. 
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under  constant  pressure, 
477. 

under  constant  pressure, 
does  not  vary  with  tem- 
perature or  pressure,  477. 

under  constant  volume, 
480. 

under  constant  volume, 
determination  from  ve- 
locity of  sound,  482. 

under  constant  volume, 
Dulong's  experiments, 
483. 

under  constant  volume, 
Dulong's  laws,  4b4,  489. 
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Sp.  HeM  of  ptntlniiin,  irnt  dalinn initios  of 
bljlb  IsiDHrntiU'W.  *T" 
'        ofMlldauidlliiulili.lM. 
"  cunnoclMl  with  Ihatr  cbein- 

ImI  •qnlnlsRU,  «ri. 
"  dclFtmlutimi  of,  <M,  4AT. 

*<  gnaier  lu  llqald*  tiuui  I 

HDluU,  4Tt. 
•>  |tr««U"il  ill  •mUr,  4Te. 

"       of  the  ptnnimlii,  406. 
"        unit  of  heat,  W«,  4TII. 
Sp.  WaighC  ». 

Sphvroidal  oonlillnnof  llquldi.  Ml,  Sll. 

"  "  Bi>at<piy't    eipwl 

meiit*,  618. 

■'  "  illQftniHotu  of,  614- 

■■  "  Inmpeniliira  in,  613. 

"  "       fiMiiiii  of  truer  in,  614. 

eplrit-L«rel,  133. 
flcrlnC-BKUitce.  64. 189. 
BuoaudiofnlcMUre.  |Sh  VkrdaaiiUotrD.) 

**        of  weight.    {Stt    Gnmma   ami 

StiUoa,  d(4nilinn  nf,  14. 
Staun,  6Ta.    iSn  VBDon.) 
"      ■ppllcuicm  of  uteiit 


Uth,  E 


nnini  (I  rnrmatini 
t  ilifTi 


It  hoftt  of.  611. 

of.  803. 


lure*.  606,  682. 
"  "  "      B»gn«nl['iro»iil[*,WT. 

"  "  "      Iheorv  of  W»tt  M  to, 

"      mflchuiicnl  powm  of,  861.  [606. 

"      Tolnnn-  of,  aSL 
BtMin-Boilor.  ni6. 

"  append*!!*!  of,  618. 

"  CornUh,  818. 

*•  diinmi»iiinji  of,  8S0. 

"  "         hutlngmrfikce, 

"  Flinch  form  ot,  817.         [618, 

"  (iulhle  plug,  630. 

"  locomotive,  all. 

"  rmoiiiites  of.  618. 

"  ufkty-talni,  610. 

Stenn-CtiglDo,  8|&. 

"  condeiwar.  42t. 

"  fly-nrlwl.  ttil. 

■■  hlKh-pniuar<>,  9U,  6S8. 

"  loHimotiVB.  8JB. 

"  low-preuura,  831,  <3S. 

■■  nechuiciil  nxrer  of,  831. 

"  Don-cotidenxlng.  658. 

**  pnnllp)  motion, 


SabnUnew,  di 


C6JS. 
oniteatlng,  K 
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Su^ihkta  of  coppsr,  crrualllfH  form  of.  134, 
"       of  inn,  crr<wllne  fonn  of,  113. 
■■       of  lime,  cixilallinc  fiinn  of,  113. 
"       of  KmIb,  Ihih  of  winhillty,  iji.  3TS. 
"  "      o.moiia  (i^ninJffnt  of.  «SB. 

"  "      •n1ublem(Klifle>tlon>of,S74. 

"  "      lupcrwlunled  mIuIIod  of, 

376. 
"  ■'     u«  "f,  in  fnxing  mixtanm, 

Sulphide  of  hrdronn,  eoofflelont  of  >bM«p- 
ttin  of,  3M. 


Salnhnr,  how  crriiUllliM.  130. 

'■       mllo  of'^cry^nlliiiB  u<h  of,  lU. 
SultAoroiu  Acid,  oanfflelenioraboorplloaof, 
401. 
"  "     ontn]irn««ll(m  of,  ttt, 

SopcrMtanloil  Solullon,  IT6 
Surface,  anla  of.    Koglltli,  13.    Freach,  IT. 
Svphon,  Iheorv  of,  330. 
Syntem,  d>l^et^)l^  131,  141. 

"         hrintEimal,  113.  NT. 

"         monoctlnlc,  133.  183. 

"        mononietric.  131. 131. 

"       trielinlc.  113.  108.  | 

S}nlein>ufrrirtui>,  111. 

Abtnnitlon  of  gam  br  ehunoal,  SROi 
by  Mwnohann,  ulaitar  of  Paris,  aod 

Bollin^polDU  of  rondeiwsl  nac*,  GPl. 
"  "        Uauidn.  Wft 

**  "        Miliiie  imlulionii,  663. 

Coefficient*  of  cnmiinwlbililyofUqnidt, 
•'  of  oia-tloily,  W.  [117. 

"  of  Dipaniion  of  ftlaas  at  dif- 

ferent tcmpcraniro*,  4»T. 
"  of  eiiiaiuiuo    of  tuercuir, 

616. 
CompariaoD  of  diflmnt  mmxarial  ttaer- 
mometen.  430. 
"  ot  morenrlal  with  >[r-ttaer- 

"  of  thurmoinotere  fllW  with 

dilTannt  lliiuidt.  481. 
Compr&uibllily  of  gaiea  by  Anuo  aod 
Dwloiig,  tM. 
"  "      by  NaKerer.  IRU. 

"  "      by  tteKDault,S08. 

Candnelini  power  of  meiali,  by  Dai- 
preti,  969;  by  Wiodnun  aud'Prmiu, 
BM. 
Dotenninatioii  of  rrrilalt,  178. 
tlliroxiox  of  Mlldi<  In  foliition,  S3S. 
Dimauionor  claam-bojlan,  8tt. 

■■  of  the  earth,  S8. 

Effect  of  prCHUre  oii  nieltlng-polnt,  KM. 
EOiulon  Biul  DiAu.Inn  of  gMU,  414. 
£xpaniion  of  mittor  by  beat,  481. 
"  in  vaporiiatloii,  808. 

"  ofliqnldo.  817.  [813. 

"  ■■        ahnvf  boillng-polDt, 

Prveilna-painbi  of  oondptiMd  gwaa,  30O. 
FrcDOli  linear  meaiure.  IT. 

"         lyttam  of  weight*,  39. 
Greatest  densllv  of  va[ii>n.  601. 
nmn|>t<ife<lBi-<lifriiHlT«  •uUtaucs*.  (W. 
Beat  of  nmilxutiiiti.  6I>0. 

•'       ftnion,  B50. 
Height  oriiLiuidf  iu  capillarv  tnbM,  SS3, 

361- 
Inlrnsily  'if  gnvity  at  dllToreiit  lall- 

Wdw  76. 
Latent  boatof  anaeomTapnr<|bv  Watt, 
608;  by  Kvpiiult^  608. 
"  "    ofvai-m.  flUft. 

Limit  of  elaitlcltr,  IOC. 
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Tibles:  — 

Person's  law.  662. 

Pressure  and  specific  mvity  of  the  air 

at  increasing  altitudes,  806. 
-Scale  of  hardness,  209. 
Solubility  of  carbonate  of  soda,  877. 

of  chloride  of  potassium,  866. 
of  gases,  898. 
of  nitre,  366. 
of  sulphate  of  soda,  876. 
Sp.  Heat  of  elements,  466. 

**       of  equal  volumes  of  gases,  488. 
**        of  gases  and  vapors,  478.. 
**        in  solid  and  liquid  state,  476. 
*^       of  liquids  at  different  temper- 
atures, 474. 
**       of  modifications  of  carbon,  476. 
"       of  platinum  at  different  tem- 
peratures, 478. 
*'       of  solids  at  different  tempera- 
tures, 478. 
'*       of  water  at  different  tempera- 
tures. 472. 
Temperature  of  liquids  in  spheroidal 

condition,  612. 
Tenacity,  ductility,  malleability,  207. 
Tension  of  aqueous  vapors,  571. 
**       of  condensed  gases,  698. 
"  **  "     at  00,606. 

*'       of  vapors  of  liquids,  688. 
Tints  of  heated  steel,  211. 
Transpirability  of  nises,  418. 
Weight  of  eases.  668. 
Tartaric  Acid,  heminedral  forms  of,  167. 
Tartrate  of  soda  and  ammonia,  hemihedral 

forms  of,  162. 
Temperature,  absolute  zero,  564. 
*'  definition  of,  468. 

"  determined  by  specific  heat  of 

nlatinum,  478. 
**  influence  of,  on  solubility,  866. 

"  lowest  observed,  452,  566. 

"  measured  bv  a  thermometer, 

"  of  celestial  space,  564.     [432. 

"  obtained  witn  condensed  gas- 

es, 610. 
"  thermal  equilibrium,  468. 

"  true,  589. 

Tempering,  211. 

"  of  bronze,  212. 

"  of  copper,  212. 

"  of  glass,  212. 

Tenacity,  203. 

means  of  measuring,  202. 
order  of,  207. 
Tension  of  gases.    {See  Gases.) 

"        of  vapors.    {See  Vapors.) 
Tetartohedral  Forms,  129,  166. 
Theorv,  atomic,  110. 
Theories,  how  related  to  laws,  7. 
Thermometer,  air,  455,  534. 
"  alcohol,  451. 

"  filled  with  various  liquids,  451. 

"  fixed  points  of,  483. 

"  house,  450. 

**  maximum  and  minimum,  462. 

"  mercurial,  432. 

"  metallic,  of  Br^guet,  604. 

**  Negretti  and  Zambra's,  468. 

"  Rutherford's,  452. 

**  scales  of,  486. 
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Thermometer,  scales  of,  rednetioii  ot  4M. 
Walferdin's,  4M. 
water,  488. 
**  weight.  618. 

**  (Am  abo  Air,  emd  MemiriaL) 

ThenDO-araltiplier,  MeUoiii*8,  457. 
Thermoaoopes,  Leslie's,  466. 
^  Bumford's,  467. 

**  Sanctorios's,  466. 

Time,  how  measured,  12. 
**     origin  of  the  idea  of,  tSL 
**     units  of,  22. 
Tin,  ratio  of  drystalline  axes  of^  111.    ' 
Torricelli*s  experiments,  276. 
Torsion  Balance,  198. 

**       elasticity  of,  191. 
TranspiratiOD  of  gases,  hiws  o^  417. 
Trongnton,  standSird  yard,  18. 
Truncation,  181. 
Twin  crystals,  178. 


TTkit  of  force,  86,  98. 
heat,  464,  472. 
length,  11, 14, 17. 
mass,  91. 
surface,  18, 17. 
volume,  18, 17. 
weight,  89. 


44 
U 

n 
<t 


Vafob,  aqueous  tension  of,  671. 

**  **       Dalton's  appan- 

tus,  672. 
apparatus  of  Gay-Lussac,  574. 

"  Regnault,  676. 

empirical  formnlse  for,  681. 
formation  in  atmosphere  of  gas,  636. 

{And  see  Hygrometry.) 
eeometrical  curve  of,  580. 
laws  governing,  580. 
Marcet's  globe,  574. 
Papin's  digester,  591. 
(See  Latent  Heat  of  Vapor.) 
Vapors,  expansion  attending  formation  of, 
formation  of,  570,  582.  [608. 

ercatcst  densitv  of,  600. 
how  distinguished  from  gases,  686. 
maximum  tension  of,  584. 
smallest  density  of,  602. 
specific  gravity  of,  674  e^  8tq. 
tensions  of,  compared,  684. 
weight  of,  669. 
Velocities,  composition  of,  28. 
Velocity,  definition  of,  28. 
\ls  viva,  63. 

Volume,  definition  of,  10. 
**        how  estimated,  14. 
»*       unit*^  of.    English,  18.    French,  17. 
Volimieter,  Gay-Lussac's,  252. 


(4 


4( 
M 
(4 


44 
44 
44 
4( 
44 


44 
44 
44 
44 


44 
44 
44 


Wash-Bottle,  826. 

Water,  change  of  volume  in  freezing,  552 

**      effect  of  pressure  on  melting-point, 
550. 

"       expansion  of    (See  Expansion.) 

**       freezing-point  of,  549. 

**      maximum  density  ofl    (See  Maxi- 
mum Density.) 

•*       pump,  884.  [526. 

"      volume  of,  at  different  temperature^ 
Watt,  law  of,  606. 

**     steam-engine  of,  621. 
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W«lgfaiiiff  and  Maastiring,  661. 

op.  Gr.  of  gaies,  Biiiuen*s  method, 

671. 
*«  **       Begnanirs  method, 

670. 
cf  liquids,  91, 849,  teg. 
**       oorrected  for  tem- 
perature, 666. 
Ot  soUds,  91,  S47. 

"       corrected  for  tem- 

peratnre,  662. 

oi  Taoors.  674.  $eq,      [678. 

ueville't    method, 

Dumas*!    method, 

675. 
Gay-La88ac*s  meth- 
od, 678. 
BegnaulVs  method, 
676. 
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Volmne  of  ases,  679. 
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ot  oseiL  0 
of  Rquids,  666. 
of  solids,  664. 
Weight  of  gases,  270,667. 
•^      of  solids,  87,  100, 
**       ofyapon,669. 
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Weight,  abiolate,  87. 

'^  "*       distinct  from  mast,  88. 

*^       liable  to  variation,  89. 
**       measure    of   quantity  of 
matter,  88. 
of  a  body  in  air,  268. 
relative,  94. 

**       a  constant  quantity,  96. 
**       measured  by  the  balance, 
94. 
specific.  90. 
of  a  unit  of  mass,  91. 
Weights  described.  94. 
Welb*8  theory  of  dew,  668. 
Welter's  tube,  817. 

Wertheim,  experiments  on  elasticity,  187. 
Wir^-MiU,  205. 
Woolf 'B  BotUes,  818. 


Tabd,  act  of  Parliament  concerning,  11. 
**      American  standard.  18. 
**      origin  and  history  ofl  11. 
M      studaid,  destroyed  by  fire,  12. 
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